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Heteroleptic cyclometalated complexes of Ir(lll) containing the dipyridophenazine ligand are synthesized through

the direct introduction of a functionalized dipyridophenazine

ligand onto a his(dichloro)-bridged Ir(lll) precusor and

characterized by 'H NMR, mass spectrometry, as well as spectroscopic and electrochemical properties. The excited
state of the Ir(lll) complexes have sufficient driving force to oxidize purines and to reduce pyrimidine nucleobases.
Luminescence and EPR measurements of the Ir(lll) complex with an unmodified dppz bound to DNA show the
formation of a guanine radical upon irradiation, resulting from an oxidative photoinduced electron-transfer process.
Evidence is also obtained indirectly for reductive photoinduced electron transfer from the excited complex to the
thymine base in DNA. We have also utilized cyclopropylamine-substituted nucleosides as ultrafast kinetic traps to
report transient charge occupancy in oligonucleotides when DNA is irradiated in the presence of noncovalently
bound complexes. These experiments establish that the derivatized Ir(lll) complexes, with photoactivation, can
trigger the oxidation of guanine and the reduction of cytosine.

Introduction

(bpy) and have been shown to initiate DNA-mediated hole

Various metallointercalators have been extensively used {fansport (HT) upon photoactivatidiihe distant oxidative

as pendant photooxidants to probe DNA oxidative chemistry
with biochemical and spectroscopic asshydn particular,
both ruthenium and rhodium polypyridine complexes, such
as [Ru(phen)(bpY(dppz)f" (dppz = dipyrido[3,2-a:2,3 -
c]phenazine) and [Rh(ph{ppy)]*" (phi = 9,10-phenan-
threnequinone diimine), were covalently tethered to DNA
strands via the 2;2vipyridine modified ancillary ligand
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damage was determined after the reaction of the thermody-
namically favored guanine radiéakith oxygen and water

to form irreversible productsGuanine doublets and triplets
are frequently adopted as thermal hole traps, in response to
photooxidation from ruthenium and rhodium compleXes.
However, the true mechanism of HT is often obscured by
the slow trapping rate of the guanine radical, because multiple
electron pathways, such as fast back-electron transfer, occur
during the ms lifetime of the guanine radiéalTo elucidate

the mechanism of HT, several fast kinetic hole traps, such
as N-cyclopropyl-guanine €G)** and N-cyclopropyl-
cytosine £°C)'* have been developed to probe the transient
hole occupancy on bridging bases. Recently, DNA-mediated
HT has been investigated extensively by using transition-
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metal complexes as photooxidants and a variety of modified covalently tether to DNA strands, making the parallel study
nucleobases as hole trajis!’ of DNA-mediated ET and HT untenable.

DNA-mediated electron transport (ET) is also an electron  Cyclometalated Ir(Ill) complexes are well-known to be
migration process involving the reduction of DNA bases at stable upon irradiation and have been extensively applied in
a distancé® Unlike HT, DNA ET has not been studied the design and preparation of light-emitting diod&%?
extensively in solution, partially because of the lack of proper Recently, Ir(lll) diimine complexes have also been developed
photoreductants with close interaction toward DNA, as well as luminescent labels for biological applicatiGh3! More
as efficient electron traps. DNA-mediated ET has been specifically, positively charged [Ir(ppxdpp2)l" (ppy =
explored electrochemically using DNA films, but here the 2-phenylpyridine) has shown luminescence and avid DNA
focus has been on sensor developniéhbng-range reduc-  binding32 With proper design of ancillary and intercalative
tive chemistry on DNA in solution has been demonstrated diimine ligands, Ir(lll) cyclometalated complexes would be
but only using organic reductants such as flavin or aromatic able to trigger oxidative or reductive damage in DNA upon
amines?®?* These reductants adopt different interaction photolysis. Moreover, it is possible to introduce a mono-
modes with the double helix compared to the metallointer- functional linkage to the iridium complex through modifica-
calating photooxidants. Common electron traps often usedtion of the diimine moiety, allowing further conjugation to
for ET studies involve cyclobutane pyrimidine dintrer DNA strands?®:32
cyclopropyl-modified nucleobases (such &) Both Here, we report the synthesis and photochemistry of three
systems are known to undergo a ring-opening reaction uponnovyel Ir(lll) complexes with a functionalized dppz ligand.
one-electron oxidation or reduction and can thus monitor On the basis of the spectroscopic and electrochemical data,
efficiently transient electron occupancy over nucleobases. pxidation of purine or reduction of pyrimidine nucleobases

DNA-mediated ET and HT have thus been investigated can be initiated upon irradiation with these Ir(lll) complexes.
using different photoredox probes and traps. The coupling The redox chemistry of DNA has been revealed by both
of the photoredox probe into the DNA base stack is, however, spectroscopic and fast ring-opening chemistry of modified
crucial for the DNA-mediated charge migration proc&ss. pycleobases. The work represents the foundation for studies
Therefore, we were interested in studying both ET and HT of long-range photoreduction on DNA with covalently
with a unique photoredox probe well coupled to DNA tethered analogué’These results confirm the power of Ir-

containing cyclopropylamine-substituted nucleobases to probe(|j|) complexes in the study of HT/ET chemistry within
both oxidative or reductive processes on a picosecond timepNA.

scalet* Metal complexes with an intercalative ligand and
suitable redox properties could thus be good candidates.Experimental Section
Recently, a series of water-soluble platinum complexes with

the dppz ligand have been developed in our grdtimes})- Materials. 1,10-phenanthroline-5,6-dione (phendioffedlipy-

i — i . - rido[3,2-a:2,3-c]phenaziné? cyclometalated Ir(lll) u-dichloro-
Pt(dppz)t” (mes= N,N.N,3,5-pentamethylaniline) can si bridged dimer ([Ir(ppy3Cl]2, ppy: 2-phenylpyridine§® and ethyl-

multaneously promote oxidatively the ring-opening reaction hex-5-ynoaté were synthesized as described previously. All of
of G and reductively decompo$€C in DNA. However, the solvents and reagents for the synthesis were at least of reagent
these platinum complexes are difficult to functionalize and grade and were used without further purification. All of the solvents
for the spectroscopic and electrochemical measurements were of
spectroscopic grade. Calf thymus DNA (CT-DNA, Pharmacia) was
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(Hind 11l fragments, Invitrogen, 0.zg/ul) were used as received. ratio of the area under the peak of the undecomposed modified
Polynucleotide phosphate concentrations were determined spectrodeoxynucleobase in an irradiated sample over that in a nonirradiated

photometrically é260 nm= 6600 M1 cm~1 for CT-DNA, HT-DNA, sample (dark control) from one, with adenine or inosine as an

and CP-DNA¥ €5 nm= 6600 M1 cm™! for [Poly(dA-dT)],;3® internal standard for all of the HPLC traces. Irradiations were

€250 m = 8400 Mt cm1 for [Poly(dG-dC)}).3° repeated three times, and the results were averaged.
Instrumentation. 'H NMR (300 MHz) spectra were obtained Synthetic Procedures and CharacterizationThe synthesis of

on a Bruker Avance-300 instrument. The chemical shifts were the Ir(lll) cyclometalated dppz complexes involves the chelation
measured versus the solvent as an internal standard. Absorptiorof a modified or unmodified dppz ontadichloro-bridged precursor
spectra were recorded on a Beckman DU 7400 spectrophotometer[lr(ppy).Cl].. All of the reaction mixtures were protected from direct
The molar absorption coefficients were determined by weight and light during the synthesis to prevent photochemical degradation,
absorption measurements. Emission spectra were recorded with arand the reactions were conducted under argon. After synthesis and
ISS K2 fluorimeter (5 mm path length) equipped with a Peltier- purification, the compounds were characterized ¥ NMR
controlled thermostated sample holder (Quantum Northwest) and spectroscopy (300 MHz) and by MALDI-MS unless otherwise
a 250 W xenon lamp as excitation source. The samples were excitedndicated. All of the multiplicity and coupling constants could not
at the maximum of the lowest absorption band for each complex. be determined due to the superposition of several signals and/or
Excitation spectra were monitored at the emission maximum for lack of fine resolution for some peaks in tHd NMR spectra.
excitation wavelength between 300 and 550 nm. Reversed phase For the sake of clarity, the following abbreviations for the
HPLC was carried out with an HP 1050 or HP 1100 system on a different derivatives (Figure 1) are used throughodppz0 for
Dynamax 300 A G column (Varian). unmodified dppz ligandidppz1 for methyl dipyrido[3,2-a:23'-c]-
Cyclic voltammetry was performed in a one-compartment cell, phenazine-11-oxy-hex-5-ynoatdppz2 for ethyl dipyrido[3,2-a:
using a glassy carbon disk working electrode (approximatesarea 2',3'-c]phenazine-11-zoatelppz3 for ethyl (dipyrido[3,2-a:23-
0.03 cnd), a platinum counter-electrode, and Ag/AgCl as a reference c]phenazine-11-yl)-hex-5-ynoate0 for [Ir(ppy).dppz]", Irl for
electrode. The potential applied to the working electrode was [Ir(ppy).dppz1]*, Ir2 for [Ir(ppy).dppz2]*, and Ir3 for [Ir-
controlled by a Bioanalytical Systems model CV-50W electro- (ppy)dppz3]*.
chemical analyzer. Scan rates of 100 m\* between—1.5 and Synthesis of Derivatized dppz Ligands (Figure 1). dppz1l.
+1.6 V versus the reference electrode were used. The voltammo-Methyl 6-lodohexanoate (1).e-caprolactone (2.28 g, 20 mmol)
grams were recorded with dry acetonitrile solutions (Fluka, stored was added dropwise to 20 mL of a @El, argon-purged solution
over molecular sieves). The concentration of the complexes wascontaining Bi (1.0 M), Nal (4.98 g, 30 mmol), and-Bu,NI
800uM, with 0.1 mol/L tetrabutylammonium hexafluorophosphate (40 mg, 0.1 mmol). The resulting suspension was stirred at ambient
as the supporting electrolyte. Before each measurement, the samplegemperature for 16 h, and the reaction was quenched afterward with
were purged using argoH;,, values were obtained from the average anhydrous MeOH (5 mL). The solution was diluted up to 70 mL
of E measured at the maximum peak current intensity for the with CH,Cl, and washed thoroughly with aqueous NaHCO
forward and reverse electrochemical processes. Potentials werg50 mL), NaS,0s (50 mL), and water (50 mL). The organic phase
adjusted to NHE, using the oxidation of ferrocene as an internal was dried over anhydrous Mg3Gnd evaporated to yield a
standard. brownish oil. Percolation through a short silica gel column with
EPR spectra were recorded on a continuous-wave X-band EPRhexane yielded puré (colorless oil).
spectrometer (EMX, Bruker). The light source used was a 250 W Methyl 6-(3-Amino-4-nitrophenoxy)hexanoate (2) A mixture
xenon lamp. The light was passed through a filer-( 350 nm) of 4-amino-3-nitrophenol (0.52 g, 3.4 mmol) and NaH (60% in
and focused on the sample with an optic fiber. Spectra were mineral oil, 136 mg, 5.7 mmol) in anhydrous DMF (20 mL) was
recorded at ambient temperature after 90 s irradiation. stirred at room temperature for 15 min under argbr(0.87 g,
Preparations and Photoredox Reactions of DNA Oligonucle- 3.4 mmol) was added to the mixture. Aftg h of stirring at room
otides. Unmodified DNA oligonucleotides were synthesized by temperature, the solvent was removed under reduced pressure. The
standard phosphoramidite chemistry on an ABI 392 DNA/RNA crude product was then purified by neutral alumina chromatography
synthesizer. Cyclopropylamine-modified DNA assemblies were (eluant: EtOAc/hexane 1:5, v/v) and yielded the desired product
synthesized and purified as described previotfskhe photoredox (bright-red solid). Yield: 90%H NMR (300 MHz, CDC}): ¢
reactions of Ir(lll) complexes with modified oligonucleotides were  7.51 (d, 1H,J = 2.7 Hz), 7.03 (dd, 1H) = 2.7 Hz,J = 9.3 Hz),
carried out aerobically, unless otherwise stated. Anaerobic samples6.75 (d, 1H,J = 9.3 Hz), 5.90 (broad s, 2H), 3.91 (t, 2H,=
were obtained using the freezpump-thaw method in airtight 9.3 Hz), 3.67 (s, 3H), 2.34 (t, 2Hl = 7.8 Hz), 1.86-1.72 (m,
cuvettes under argon. The samples were irradiated with a 1000 W2H), 1.70~1.65 (m, 2H), 1.5%1.48 (m, 2H). FAB-: Calcd
Hg—Xe lamp Qirradiation = 380 nm) equipped with a 320 nm long  282.1216 for GsH1gN,Os, found 282.1214 (M).
pass filter. After irradiation, oligonucleotides were digested by Methyl 6-(3,4-Diaminophenoxy)hexanoate and dppzl (3).
37 °C incubation with phosphodiesterase (USB), and alkaline Palladium carbon (10% loaded, 0.26 g) was slowly added to a
phosphatase (Roche) for 24 h to yield nucleosides. After incubation, solution of 2 (1.0 g, 13 mmol) in MeOH (40 mL). The mixture
RP-HPLC (Chemcobond 5-OB9H, 4.6 x 100 mm, 2% MeCN/ was stirred at room temperature foh under H atmosphere. After
98% 50 mM NHOAc ~12% MeCN/ 88% 50 mM NEOAc over the complete disappearance of the starting material (TLC, alumina,
30 min) was applied to analyze the decomposition products of eluant: EtOAc/hexane 1:5, v/v), the medium was filtered through
cyclopropylamine-modified nucleosides. The percentage of modified a short Celite plug into a suspension of 1,10-phenanthroline-5,6-
deoxynucleobase decomposition was determined by subtracting thedione (0.75 g, 3.6 mmol) in absolute EtOH (40 mL). After 12 h of
refluxing under argon, the reaction mixture was evaporated to
(37) DelGuerzo, A.; Kirsch- De Mesmaeker, Alnorg. Chem2002 41, dryness. The resulting deep-colored solid was purified with a neutral

(38) ?ﬁ%ﬁ“% B.: Baldwin, R. L. Mol. Biol. 1962 5, 172 alumina column (eluant: C}¥N/CH,Cl,/MeOH = 10:10:1, v/v/

(39) Wells, R. D.; Larson, J. E.; Grant, R. C.; Shortle, B. E.: Cantor, C. R. v), sonicated for 30 s in 2 mL acetone, and finally filtered by
J. Mol. Biol. 197Q 54, 465-497. suction. A further wash with a small portion of acetone yielded a
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Figure 1.

brownish solid (33%)*H NMR (300 MHz, CDC}): ¢ 9.56~9.52
(m, 2H), 9.26~ 9.21 (m, 2H), 8.16 (d, 1H) = 9.3 Hz), 7.78~
7.73 (m, 2H), 7.55:7.49 (m, 2H), 4.22 (t, 2H) = 6.3 Hz), 3.69
(s, 3H), 2.43 (t, 2HJ = 7.2 Hz), 1.99-1.94 (m, 2H), 1.841.76
(m, 2H), 1.63-1.61 (m). FAB+: Calcd 427.1770 for gH23N4Os,
found 427.1756 (M).

dppz2. Ethyl 3,4-Diaminobenzoate (4)Concentrated sulfuric

acid (1 mL) was added dropwise to a suspension of 3,4-diami-

nobenzoic acid (500 mg, 3.3 mmol) in 30 mL boiling ethanol. After

Ir0 R=H
Ir R = -O(CH,)sCOOMe
Ir2 R = -COOEt

Ir3 R = -G==C(CH,);COOEt

Synthetic route and structures of the four Ir(lll) cyclometalated complelx@s If1, Ir2, andIr3) described in this work.

collected by suction, was used without further purificatithNMR
(300 MHz, CDC}): 6 9.69 (d, 2H,J = 8.1 Hz), 9.34-9.32 (m,
2H), 9.11 (s, 1H), 8.53 (d, 1Hl = 7.2 Hz), 8.43 (d, 1HJ = 8.1
Hz) 7.86 (m, 2H), 4.55 (q, 2H) = 7.5 Hz), 1.52 (t, 3HJ = 7.2
Hz). ESI: Calcd 354.1 for £H14N4O,, found 355.0 (M).

dppz3. 4-lodobenzene-1,2-diamine (5)5-iodo-2-nitroaniline
(2.64 g, 10 mmol) and Snel(17 g, 90 mmol) were dissolved in
347 mL of concentrated HCI. The reaction mixture was stirred under
argon at 70°C for 4 h and monitored by TLC (Alumina, EtOAc/

4 h refluxing, solvent was removed under vacuum. Crude product Hexanes, 1:1, v/v). After the reaction was complete, neutralization
was dissolved in 30 mL water, and the pH was adjusted to 10 by of the solution with saturated aqueous ,N&; yielded color

addition of 1M NaOH. After extraction of the aqueous phase by

changes (yellow to brown) and precipitates. After extraction of the

CHCl; and subsequent washing of the organic layer with brine and aqueous phase with ethyl acetate and diethyl ether and a subsequent

water, evaporation of the chloroform yielded a yellow solid. This
latter was used without further purification in the next synthetic
step.

dppz2. A warm 10 mL EtOH solution o# (0.11 g, 0.6 mmol)
was added dropwise to 5 mL boiling EtOH of 1,10-phenanthroline-
5,6-dione (0.115 g). Brownish precipitate came out during mixing

process. The mixture was refluxed for 10 min. The crude product,
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wash of the organic layer with brine (two times) and drying over
anhydrous MgS@ the removal of the solvent under vacuum yielded
crude product, which was immediately used in next step without
further purification.

t-Butyl-4-iodo-1,2-phenylenedicarbamate (6). §~10 mmol)
and 6.54 g (30 mmol) ditertbutyldicarbonate were dissolved in
50 mL THF and stirred under argon at room temperature overnight.
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Extra sodium bicarbonate was added during the reaction to completedppz were suspended in 15 mL 1:1 MeCN/CklGhder argon.
the protection of amine groups. The crude product was purified by After refluxing overnight, evaporation of the solvent under reduced
neutral alumina column (eluant: EtOAc/hexanes, 22/78 v/v). pressure yielded red solids. The precipitates were dissolved in a
Yield: 70%.H NMR (300 Hz, DMSO€): ¢ 8.59 (s, 2H), 7.85 small amount of CHGland were filtered through a short silica
(s, 1H), 7.37 (d, 1HJ = 10.5 Hz), 7.29 (d, 1HJ = 8.7 Hz) 1,45 column. A redish-orange band was eluted by 1:1 MeCN/0.4N
(s, 18H). ESI: Calcd 434.1 for gH23IN,04, found 435.0 (M). KNO;. Afterward, the organic solvent was removed under vacuum,
Ethyl 6-(3,4-Bis(tert-butoxycarbonylamino)phenyl)hex-5- and the precipitate was collected by filtration and redissolved in
ynoate (7). 6(260 mg, 0.6 mmol) was mixed with Pd[P4ds)s]4 CHCI3. The solution was dried over MgQQand the solvent was
(36 mg, 0.04 mmol) and Cul (14 mg, 0.08mmol) in a dry 25 mL removed under vacuum. RP-HPLC¢Column, 45% MeCN/55%
two-neck round-bottom flask under argon. Anhydrous THF (7.5 H20 ~ 80% MeCN/20% HO over 30 min, both MeCN and 4
mL) was added to dissolve the reaction mixture, followed by 450 contain 5% TFA) was used for purification. Chloride salts were
uL anhydrous triethylamine. Ethyl hex-5-ynoaf@26 mg, 0.9 obtained from anion exchange chromatography (Sephadex QAE
mmol) was added to the reaction solution dropwise. After comple- A-25).
tion (TLC Alumina, EtOAc/hexanes, 1:4, v/v), the isolated product [Ir(ppy) 2(dppz1)]CI (Ir1). *H NMR (300 MHz, CDC}): 6 9.82
was purified through a silica column (EtOAc/hexanes 28:72, v/v). (d, 1H,J=8.1Hz), 9.77 (d, 1HJ) = 8.4 Hz), 8.35-8.24 (m, 3H),
Yield: 65%.H NMR (300 Hz, CQCl,): 6 7.50~7.32 (m, 2H), 7.94~7.10 (m, 4H), 7.727.70 (m, 4H), 7.657.26 (m, 4H),
7.08 (d, 1H,J = 8.6 Hz), 6.71 (broad s, 1H), 6.59 (broad s, 1H), 7.11~7.06 (m, 2H), 7.06-6.98 (m, 4H), 6.41 (d, 2H] = 7.5 Hz),
4.04 (q, 2HJ = 7.2 Hz), 2.48-2.29 (m, 4H), 1.96-1.74 (m, 2H), 4.26 (t, 2H,J = 6.0 Hz), 3.69 (s, 3H), 2.41 (t, 2H, = 7.2 Hz),
1.43 (s, 18H), 1.17 (t, 3H) = 7.2 Hz). FAB+: Calcd 446.2417 1.97 (m, 2H), 1.77 (m, 2H), 1.61 (m, 2H). FAB Calcd 927.2635
for Cy4H34N5-0g, found 446.2439. for C47H3glrN¢O3, found 927.2607 (M).
dppz3. 7 (1 g, 2.2 mmol) was dissolved in 20 mL anhydrous [Ir(ppy) 2(dppz2)]CI (Ir2). *H NMR (300 MHz, CDC}): o
dichloromethane under argon. Fifty equiv of anhydrous trifluoro- 9.87~9.83 (m, 2H), 9.12 (d, 1H] = 2.1 Hz), 8.58-8.55 (m, 1H),
acetic acid was added slowly to the solution. After 1.5 h of stirring 8.46 (d, 1HJ = 8.7 Hz), 8.38-8.37 (m, 2H), 8.04.7.99 (m, 2H),
at room temperature, the solvent was removed (rotavapor) to yield 7.93 (d, 2HJ = 7.8 Hz), 7.75-7.65 (m, 6H), 7.09 (t, 2H, 7.2 HZ),
a deep-brown oil. After neutralization with saturated aqueous 7.03~6.96 (m, 4H), 6.41 (d, 2H] = 7.2 Hz), 4.54 (q, 2H) = 7.2
Na,COs; and further extraction with ethyl acetate, the oil was added Hz), 1.51 (t, 3HJ = 7.2 Hz). FAB+: Calcd 855.2059 for &Hse-
to 0.8 equiv of 1,10-phenanthroline-5,6-dione and dissolved in 7 IrN¢O,, found 855.2090.
mL boiling EtOH. The reaction mixture was refluxed for about 2 [Ir(ppy) 2(dppz3)]CI (Ir3). *H NMR (300 MHz, CDB.Cl,): ¢ 9.83
h. After removal of the solvent under reduced pressure, the crude(d, 2H, J = 8.4 Hz), 8.48-8.37 (m, 4H), 8.047.96 (m, 5H),
product was purified through neutral alumina column (2% MeOH/ 7.82~7.74 (m, 4H), 7.49 (d, 2H]) = 4.8 Hz), 7.15 (t, 2H)=7.5

CH,Cl,). Yield: 40%.H NMR (300 Hz, CDC}): 6 9.64~9.62
(d, 2H,J = 10.5 Hz), 9.29-9.22 (m, 2H), 8.388.24 (m, 2H),
7.89~7.71 (m, 3H), 4.18 (q, 2H] = 7.2 Hz), 2.66-2.56 (m, 4H),
2.11~1.94 (m, 2H), 1.29 (t, 3HJ = 7.2 Hz). FAB+: Calcd
421.1664 for GgH»1N4O,, found 421.1678.

Synthesis of Ir(lll) Cyclometalated Complex with Unfunc-
tionalized dppz (Ir0). One equiv ofu-dichloro-bridged precursor
[Ir(ppy)2Cl]2 (178 mg, 0.166 mmol) was mixed with 2.5 equiv of
unfunctionalized dppz (116 mg, 0.409 mmol) and JRIF; (40 mg,
2.5 mmol) in a solution of 20 mL C¥CN and 5 mL EtOH. The

medium was refluxed, and the reaction was followed by absorption

spectroscopy and TLC (silica, eluant BN/ H,O/saturated
aqueous NKCI 4:5:1). After 14 h, the medium was concentrated,
and the addition of small portions of NAF; and drops of water
yielded orange precipitates. After centrifugation, the solid was
washed with excess water, EtOH, and finally dried with ether. RP-
HPLC was used for purification of the crude complexg&lumn,
gradient 45% CHCN/55% HO/ 83% CHCN/17% HO over 28
min, both MeCN and KD contain 0.1% TFA). The chloride salt

was obtained by shaking the complex overnight in an excess of

anion exchange resin (sephadex QAE-A25) in water followed by
subsequent filtratiotH NMR (PF; salt, 300 MHz, CDGJ): 4 9.79

(dd, 1H,J; = 8.1 Hz,J, = 1.5 Hz), 8.50 (dd, 1HJ; = 6.6 Hz,J,

= 3.3 Hz), 8.42 (dd, 1HJ), = 5.1 Hz,J, = 1.5 Hz), 8.16 (dd, 1H,

J; = 6.6 Hz,J, = 3.3 Hz), 8.11 (m, 1H), 8.03 (dd, 1H; = 8.4

Hz, J, = 5.4 Hz), 7.86 (m, 2H), 7.62 (m, 1H), 7.13 (td, 18},=
7.5Hz,J,=1.2 Hz), 7.01 (td, 1HJ); = 7.5 Hz,J, = 1.2 Hz), 6.93

(td, 1H,J; = 6.6 Hz,J, = 1.5 Hz), 6.42 (m, 1H). ESI: Calcd
782.9 for GoHo4IrNg, found 783.0 (M).

Synthesis of Ir(lll) Cyclometalated Complexes with Func-
tionalized dppz Ligands. The general synthetic route for func-
tionalized Ir(lll) cyclometalated complexes is described in Figure
1. Briefly, 1 equiv of [Ir(ppy}Cl], and 2 equiv of functionalized

Hz), 7.05~7.00 (m, 2H), 6.89 (t, 2H) = 7.5 Hz), 6.43 (d, 2H)
=7.5Hz),4.14 (q, 2H) = 7.2 Hz), 2.64 (t, 2HJ) = 7.2 Hz), 2.55
(t, 2H,J = 7.5 Hz), 2.01 (t, 2H) = 7.5 Hz), 1.26 (t, 3HJ = 7.2
Hz). FAB+: Calcd 921.2529 for &H36lrN6O,, found 921.2521.

Results

Synthesis and CharacterizationThe cyclometalated Ir-
(1) dppz complexes were synthesized by the direct chelation
of either a modified or nonmodified dppz ligand to an iridium
dichloro-bridged precursor (Figure 1) using methodologies
developed previously for analogous compouffe8:*°The
complexes were characterized by MS and %y NMR
spectroscopy (Experimental Section). TheNMR shows
unambiguously the presence offa symmetry axis for the
Ir0, which induces the equivalence of (i) the proton on the
dppz ligand by pairs and (ii) the ancillary ppy ligands. In
contrast,Irl, Ir2, and Ir3 do not display any symmetry
features as is clearly shown from the analysis of the NMR
data. Interestingly, only small differences appear between
the chemical shifts of the nonsubstituted Ir(Ill) compl&® §
and the substituted ones. Not surprisingly, in the same
solvent, the most pronounced effect occurs at the terminal
position of the dppz ligand, thus close to the anchoring site,
going from aAd of ca. —0.3 ppm forlrl (shielding effect
of the ether function) to ad of ca. +0.1 ppm forlr2
(deshielding effect of the carbonyl group) comparedi@a

Absorption and Emission SpectroscopyThe absorption
and emission data at ambient temperature in different solvents

(40) Didier, P.; Ortmans, |.; Kirsch- De Mesmaeker, A.; Watts, R. J.
Inorg. Chem.1993 32, 5239-5245.
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Table 1. Absorption, Emission, and Electrochemical Data for the Ir(lll) complexes. Such a quenching had already been observed for

Complexes [Ru(phen/bpy)dppzf". However, the amount of water
feature Ir0 Irl Ir2 Ir3 required for almost 100% quenching efficiency was higher
_ optical spectra in this latter casé?
(lmaxnm’aebffggmlcmﬂ) 328: I:éé 332; ;_22'2 522; 197'2 §§§; 2;32 Electrochemistry. The electrochemical data obtained by
382,1.81 406,253 389,157 405,3.06 cyclic voltammetry in MeCN for each Ir(Ill) complex are
EMisSion fma™)° gathered in Table 1. The redox potentials in the excited state,
~DNA® E/I:écl\llz %éi %g% %76 7?@4 estimated from the overlap of the emission and excitation
Buffere 640 Q 0 Q spectref® are also included. All of the complexes display
+ DNA Buffer Q N/A N/A Q reversible oxidation and reduction waves (Supporting Infor-
Electrochemistry (V/NHE) mation). The similarity between oxidation potentials (metal-
e e U G based) is striking, and these potentials are significantly more
Ered 1.5 1.6 1.8 1.7 positive than that of [Ir(ppy] (Eox = +1.0 V/INHEY* and
Bor —09 -0 ~09  -08 more negative than that of [Ir(bpy¥" (Eex = +2.17
aUncertainty ofe is <3%. P Excitation wavelength: 375 nm fdr0, VINHE).#” These oxidation potentials reflect therefore the

373 nm forlrl, 412 nm forlr2, and 410 nm foir3. ¢ Emission spectra of similarity of the metallic core in the +rdppz complexes.
iridium complexes in the absencePNA) and presencet{DNA) of DNA R . - .

are measured in the solvents indicated in the right colthhmminescence The iridium c_omplexes dlsplay similar reduction patterns,
of the iridium complex is quenched under the indicated conditi®Bsiffer with a potential close to that of [Ir(bpyfft (Eeqa = —0.76
condition: 10 mM NacCl, 20 mM sodium phosphate, pH 7.0he error V/NHE).47 The reduction wave of2 is anodically shifted
associated with the measurements of the redox potentials is estimated to . . . .

be less than 0.1 V. with respect to that offO , whereas it is cathodically shifted

for Irl in good agreement with the electron density on the

under air for each Ir(lll) complex are listed in Table 1. Figure dppz-derivatized ligand.

2 and Figure S1 (Supporting Information) show the optical  Iridium Complexes and Polynucleotides: Absorption
spectra forrO, Irl, Ir2, andIr3. Each compound displays and Emission in the Presence of Natural and Synthetic
several broad intense absorption bands in the-ii¥ region. Polynucleotides.The excited state of most iridium com-
These bands can be assigned to ligand centered (LC)plexes can be sufficiently oxidizing to photooxidize purine
transitions and to metal-to-ligand charge-transfer (MLCT) moieties and/or reducing to photoreduce pyrimidine moieties.
transitions Ir— L, where L = ppy or dppz. Indeed, the We have therefore examined whether the photochemical
absorption of complexes made with Ir(lll) generally corre- properties of these iridium complexes would yield redox
sponds to the superposition of a different transition involving damage in DNA.

either the ligands or both the metal and the ligdhd? UV—Vis Absorption. The binding of metal complexes
Interestingly, upon modification of the dppz ligand, shifts to natural or synthetic DNA can be easily probed by
are observed for the absorption bands. A common feature atmonitoring the UV-vis absorption changes of the complex
ca. 385 nm remains in all of the spectra, and the low-energy in the presence of increasing concentration of the biopoly-
absorption bands are red-shiftedlih andIr3. mer4849|n the case of the iridium complexes, the absorption

All of the complexes emit strongly in dichloromethane properties are considerably altered upon the addition of the
and display one emission maximum, independent of the polynucleotide. Figure 4 shows the change in absorption of
excitation wavelength. Upon substitution of the dppz ligand, Ir3 in the presence of increased concentration BINA in
the emission is hypsochromically shifted 1ot (Amax, em= aqueous buffered solution. The changes in absorption for the
600 nm), whereas it is bathochromically shifted fic (4, other iridium complexes are comparable as well as the
m = 676 nm). Interestingly, the complexes display an changes induced with other polynucleotides. However,
important solvatochromic effect, that is, the luminescence whereas a significant monotonic hypochromical shift is
is shifted to the red when using more-polar solvents. This observed for the high-energy absorption bands around
shows that the luminescent excited state is stabilized in a300 nm,Ir3 displays a more complicated pattern at the low-
polar medium. Unlike [Ru(phen/bpgppzf*, Ir0 emits energy absorption band as a function of titration. Indeed,
weakly in water, whereas the luminescence spectra of thetwo phases are observed in the change of absorption. At low
other Ir(lll) complexes described here are quenched in polynucleotide/iridium ratios, an increase in the absorbance
aqueous medium. Indeed, Figure 3 shows the emission and
excitation spectra ofr3 in pure organic solvent (MeCN)  (44) Olson, E. J. C.; Hu, D.; Hmann, A.; Jonkman, A. M.; Arkin, M. R.;
and in a mixture of MeCN and water (90:10, v/v). The Stemp, E. D. A.; Barton, J. K.; Barbara, P.J-Am. Chem. S02997,

. . i 119 11458-11467.

addition of a small amount of protic solvent has a dramatic (45) Lai, S. W.; Chan, M. C.; Cheung, T. C.: Peng, S. M.; Che, C. M.

effect on the emission properties of Ir(Ill) dppz-derivatized Inorg. Chem.1999 38, 4046-4055.
(46) Dedeian, K.; Djurovich, P. |.; Garces, F. O.; Carlson, G.; Watts, R. J.

Inorg. Chem.1991, 30, 1685-1687.

(41) Dedeian, K.; Shi, J.; Forsythe, E.; Morton, D. C.; Zavalij, Plrrg. (47) Kahl, J. L.; Hanck, K. W.; De Armond, M. Kl. Phys. Cheml978
Chem.2007, 46, 1603-1611. 82, 540-545.

(42) Ichimura, K.; Kobayashi, T.; King, K. A.; Watts, R.J.Phys. Chem. (48) Ortmans, |.; Elias, B.; Kelly, J. M.; Moucheron, C.; Kirseh De
1987 91, 6104-6106. Mesmaeker, ADalton Trans.2004 668-676.

(43) Finlayson, M. F.; Ford, P. C.; Watts, R.JJ.Phys. Chem1986 90, (49) Hartshorn, R. M.; Barton, J. K. Am. Chem. S0d.992 114, 5919-
3916-3922. 5925.
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Figure 2. Absorption and emission spectra for Ir(lll) complexes. Absorption spectrun® ah water (top left 254M) andIr3 in acetonitrile (bottom left,
16.5uM); Emission spectrum off0 in water (top right, 25:M) and Ir3 in dichloromethane (bottom right, 17:6). All of the measurements are made
at ambient temperature in air.

is observed. Then, upon further additions of the biopolymer, steady-state conditions. The emission spectra as a function
normal hypochromicity is restored. of increasing CT-DNA and [poly(dA-dT)]concentrations
Emission. The absence of luminescenceldt, Ir2, and are shown in Figure 5. Also shown are the relative emission
Ir3 in water is similar to that observed for [Ru(phen/ intensitiesl/lo (Wher6|o is the emission measured in the
bpy)dppzFt complexes. In this latter case, the luminescence absence of polynucleotides) fdrO in the presence of
of the complex is restored upon the addition of polynucle- Polynucleotides containing different percentage of GC base
otide 4250 This light switch-on effect has been attributed to pairs. Interestingly, luminescence quenching is observed in
the protection of the luminophore from external sources of €very case, even when no GC base pairs are present. This
nonradiative deactivation when intercalated into the double quenching process could be attributed to a photoinduced
helix. However, in the case df1, Ir2, andIr3, neither in electron-transfer process from one of the bases to the excited
the absence nor in the presence of DNA could the lumines-iridium complex.
cence be restored. This result shows that other quenching Study by EPR of the Transients Formed under Ir-
processes must occur when these derivatized complexes ofadiation of Ir0 in the Presence of [Poly(dG-dC)} and
iridium are bound to DNA. [Poly(dA-dT)] 2. It has previously been shown that the EPR
As Ir0 luminesces in aqueous solution, the effect of technique can be a useful tool to probe the formation of G
increasing the concentration of different polynucleotides (CT- 'adicals®* Indeed, upon irradiation of [Ru(phedppzf*
DNA, CP-DNA, HT-DNA, [poly(dG-dC)}, and [poly(dA- intercalated into [poly(dG-dCG)Jn the presence of an external
dT)],) on its emission properties could be monitored under duencher such as [Ru(NJdJ** or [Co(NHg)sCI]*" (flash—
guench technique), the production of a powerful ground-

(50) Hiort, C.; Lincoln, P.; Norte, B.J. Am. Chem. So&993 115 3448- (51) Schiemann, O.; Turro, N. J.; Barton, J. K.Phys. Chem. R00Q
3454. 104, 7214-7220.
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PBN (3 mM) was irradiated at ambient temperature for 90
s atA > 350 nm. The subsequent EPR spectrum measured
in the dark (Figure 6) corresponds closely to that previously
reported for the trapping of guanine radical with PBIN=
2.0059,ay = 15.50,a4 = 3.21)>' Importantly, no EPR signal
was detected in the absence of irradiation or upon omitting
any one of the three reactants, for exampi@, [poly(dG-
dC)L. or PBN. Moreover, as expected for the G-PBN entity,
the EPR signal is stable for a few hours in the dark. However,
upon further irradiation, the intensity of the original EPR
signals decreases with a concomitant grow-in of a second
signal (data not shown). This observation has already been
reported and corresponds to the decomposition of the
nitroxide radical in the G-PBN entity upon irradiatiéh.

The same experiment has been conducted in the presence
of [poly(dA-dT)], (Ir0: 50 uM; [poly(dA-dT)]2: 1 mM;
PBN: 3 mM; aqueous buffered solution TRIS-HCI 50 mM,
pH 7; v for 90 s atA > 350 nm). Indeed, the PBN spin-

wavelength for the emission spectra is 410 nm, while the excitation spectratrap is also known to react efficiently with A radicals, if

are monitored with an emission at 715 nm.

Figure 4. Evolution of the U\*-vis absorption spectra df3 (constant
concentration 22M) in the presence of increasing concentrations BNA
(aqueous buffered solution 10 mM NaCl, 20 mM sodium phosphate pH
7.0). [DNA] = 0 (blue), 50uM (light blue), 100uM (light green), 20Q:M
(green), 405«M (orange), 54QuM (red), and 60%M (brown).

state oxidant [Ru(phesgppzf" leads to the formation of G
radicals within the DNA. The guanine radical cation, rapidly
deprotonated? reacts in turn very efficiently at ambient
temperature with a spin trap for purine radicalstai-butyl-
o-phenylnitrone (PBN). The so-formed G-PBN entity dis-
plays characteristic EPR signdls.

present in the mediuf®:>3Interestingly, no EPR signal was
detected in the presence of [poly(dA-dIfbr IrO or Ir3
(Figure 6). Thus, one-electron oxidation of adenine moieties
by the excited state can be excluded.

To test for the formation of guanine radicals in the
presence of the derivatized dppz compleg, was irradiated
in the presence of [poly(dG-dG)[1 mM) and PBN as a
spin-trap (3 mM) under the same irradiation conditions used
for Ir0. The EPR spectrum (part c of Figure 6) again shows
features characteristic of the G-PBN entity. The signal is,
however, much less intense than thatr6f under the same
conditions. This decrease in intensity may be due to the
presence of the linker on the dppz ligand, which would
attenuate the interactions between iridium complexes and the
base pairs and thus would decrease the efficiency of
formation of G radicals under irradiation.

Photoredox Reaction of°PC and “PG-Containing DNA
with Noncovalently Bound Iridium Complexes. The dppz-
derivatized iridium complexes can be anchored to oligo-
nucleotides to test whether they can trigger redox damage
at a distance from the anchoring site. In this present work,
we have therefore tested whether our Ir(lll)-derivatized
complexes could first induce DNA redox damages when
noncovalently bound to DNA. We have carried out irradia-
tion experiments in the presence of modified oligonucleotides
to probe sensitively for redox damage. It has previously been
shown that cyclopropylamine-modified guanine or cytosine
(°PC or °FG) are fast kinetic hole and electron traps and
efficiently report transient charge occupancy on G or C
nucleobase¥*'625These systems are thus excellent candi-
dates to probe the formation of base radicals induced by

To test the occurrence of a photoinduced electron-transferirradiation of a photooxidant or photoreductant located in

process betweeln0 and polynucleotides as suggested from

the DNA duplex.

the luminescence data, EPR studies were carried out at Tgpje 2 shows the"C- and°PG-modified oligonucleotides
ambient temperature in the presence of PBN as a spin-trapseq for the irradiation experiments in the presence of

Thus, an aqueous buffered solution (TRIS-HCI, 50 mM, pH
7) of Ir0 (50 uM) containing [poly(dG-dCY (1 mM) and

(52) Steenken, SChem. Re. 1989 89, 503-520.
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noncovalently bound iridium. The DNA assemblies contain

(53) Chen, X. H.; Syrstad, E. A.; Nguyen, M. T.; Gerbaux, P.; Turek, F.
J. Phys. Chem. 2004 108 9283-9293.
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Figure 5. Luminescence quenching ¢f0 in the presence of increasing concentrations of (a) CT-DNA and (b) [poly(dA-d{E)] Change in relative
emission intensity for increasing concentration of various polynucleotides containing different percentages of GC base pairs. CT-DNA I@)lacidcirc
HT-DNA (green square), 42% GC; CP-DNA (red circle), 26% GC; [poly(dA-dThJue diamond), 0% GC; [poly(dG-dG)Jorange triangle), 100% GC.
All of the measurements were made with a constant complex concentrationydfl 10 a 5 mM TRIS-HCI buffered aqueous solution (pH 7).

an A-tract composed of eight AT base pairs. The flanking conducted by irradiating duplexes in the absence of iridium
sequences are random and kept the same to avoid side effectsomplexes. Decomposition percentages of tf@ trap in
such as fraying ends. After the second adenine base, eitheG—C"C or "G trap inC—C°PG are plotted versus irradiation

a ®PC or °FG is placed (sequenckG —C¢°C and C—CFG time for the different derivatized Ir(Ill) complexes in Figure
respectively in Table 2) as a fast kinetic electron or hole 7. No undigested or partially digested DNA was evident by
trap. Each strand was irradiated in the presendelqfir2, HPLC.

andIr3 ([Ir]: 20 uM; [DNA]: 5 uM 10 mM NaCl, 20 mM Clearly, as illustrated in Figure 7%PC and °FG are

sodium phosphate, pH 7; irradiation at 380 nm) and decomposed upon irradiation in the presence of the iridium
subsequently digested by phosphodiesterase and alkalineomplexesirl andIr2 induce redox ring-opening ¢f°C
phosphatase. The decomposition products were analyzed byvith similar efficiency upon photoactivation, wherek8
RP-HPLC (Experimental Section). Light controls were decomposes it more efficiently. After 20 min of irradiation,

Inorganic Chemistry, Vol. 46, No. 24, 2007 10195
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Figure 6. EPR spectra at room temperature i@ (5 x 10°5 M) in the
presence of (a) [poly(dG-dG)1 mM) and (b) [poly(dA-dT)} (1 mM)
with a spin trap (PBN; 3 mM) after 90s irradiation/at 350 nm. (c) The
same withlr3 and [poly(dG-dC)]. EPR settings: microwave frequency,
9.78 GHz; microwave power, 12.85 mW,; number of scans, 4.

51 and 59% ofFC has been decomposed i andIr2,
respectively, whereas a higher value is found With(86%).
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Figure 7. Redox decomposition 6¥C in duplexG—CPC or FG in duplex
C—CPG upon irradiation in the presence of iridium complexes. Open
symbols represent the aerobic data, and close symbols represent the data
obtained anaerobically. The concentration of iridium complexes g\20

[DNA] = 5 uM, [NaCl] = 10 mM, and [NaP]= 20 mM. Irradiation
wavelength is 380 nm. Top, decomposition date*®E; bottom, that of

CP(;_

Table 2. Sequences of DNA Assemblies for Irradiation with
Noncovalently Bound Iridium Complexes

DNA # sequences

5-ACATT GTTTTTTCAGTCAC-3
3-TGTAACPCAAAAAAGTCAGTG-5'
5-ACATT ITTTTTTCAGTCAC-3
3-TGTAACPCAAAAAAGTCAGTG-5'
5'-ACATT CTTTTTTCAGTCAC-3
3-TGTAACPGAAAAAAGTCAGTG-3'

G-CPC
|-CPC

CPG

In the case of th&€"G-modified strand, the three complexes
have almost equal reaction efficiencies exceptifbr which
has a slightly slower reactivity at shorter times.

The same photolysis experiments were also carried out
under anaerobic conditions (Figure 7, Table 3). Decomposi-
tion of ©°C and®"G still occurs in the presence of each Ir-



Iridium(Ill) Cyclometalated Complexes with Oligonucleotides

Table 3. Oxidation and Reduction of Cyclopropylamine-Substituted
Bases in DNA by Noncovalently Bound Ir(lll) Complexes

photoredox reactich Irl Ir2 Ir2

cPC +0 ox¢ —e + -
rect + +f +

-0z Ox/red + + +

CPG +0, Ox + + +
-0, Ox + + +

aPhotolysis of Ir(Ill) complexes with°C— and“FG-containing duplexes.
Details are in the Experimental Sectidn+O, and —O, represent the
experiments conducted aerobically or anaerobic@l@x represents the
oxidation of the cyclopropylamine-substituted bases induced by the pho-
tolysis of noncovalently bound Ir(lll) complexesRed represents the
reduction of the cyclopropylamine-substituted bases induced by the pho-
tolysis of noncovalently bound Ir(ll1l) complexe%.— represents no reaction
and+ represents a positive reaction occurring under the indicated working
conditions.” °PC decomposition is observed in both DNA assemblies,
|—-CPC andG—CPC. Neither reduction nor oxidation 6fC can be excluded.

(1) complex, although with a somewhat lower efficiency.

The overall lower efficiency of"C and“FG decomposition

under anaerobic conditions likely reflects the poor solubility

of the complex in aqueous buffer, as well as under freeze

pump-thaw conditions. It is unlikely to be the result ¥,

sensitization, given the fact that the luminescence of the

complexes is quenched in an aqueous solution.

Effects of Paired Bases orfPC Decomposition Trig-

gered by Irradiation of Iridium Complexes. To study the

base-pair effects on redox decomposition of cyclopropy-

lamine-derivatized cytosine, an identical sequencgt6"C

in which the®FC is base-paired with an inosine unit has been

synthesized I(-CPC, Table 2). As a result of the higher

oxidation potential of inosine (1.5 V vs NHE)than that of

guanine (1.3 V vs NHE}} inosine is less competitive as a

thermal hole trap than guanine. Indeed, it has been shown

previously that when®"C is photooxidized by Rh(lll)

complexes, its decomposition when base-paired to inosine

is significantly more efficient than when base-paired to

guaninet* This enhancement has been attributed to the fact

that inosine is a less energetically favored thermal hole trap

than guanine. In the present case, as shown in Figure 8, nq:igure 8. Effects of the paired base SifC decomposition triggered by

dramatic enhancement &fC decomposition in I-containing irradiation of iridium complexes. Top: Time course%T decomposition

duplex is observed in the photolysis of noncovalently bound with Irl (red) orir3 (blue). Bottom: Time course ¢FC dec%mposition

Irl andIr3. Ir2 triggers the decomposition &FC in a with Ir2 (red). Open symbols representctge data for dupteX"C. Close
symbols represent the data for dupléx-C"C. Experiments were carried

somewhat similar way as canonical photooxidants, whereas,out aerobically.

unexpectedly, in the case &f3, “®C decomposes slightly

more efficiently inG—CPC than inl—C¢PC. coupling methods, this can be accomplished readily so that
) . either ether, acyl, or ethynyl-derivatized linketsl(, 1r2,
Discussion andIr3 respectively) can be introduced at the @osition

Design and Synthesis of Ir(lll) Complexes. Iridium of the dppz ligand.
chemistry provides a valuable system to develop reactions Compared to Rh(lll) or Ru(ll) metal complexes, the third-
to trigger hole and electron injection in DNA. Because charge row metal complexes, and most particularly Ir(lll), are
migration along the DNA helix can only be properly studied characterized by the inertness of their coordination sphere,
when the metallic complex is covalently tethered to the as evidenced by the somewhat harsh experimental conditions
phosphate backbone and separated from the electron or holéequired to substitute the chloride ligands from the starting
trap, we have developed Ir(lll) complexes with a linker that iridium salts>> The addition of the dppz ligand onto the
may be used to anchor the complexes to DNA. Here, the dichloro-bridged iridium precursor is then achieved, and
linker is added directly onto the dppz ligand. Using general cyclometalated complexes may be obtained.

(54) Steenken, S.; Jovanovic, S. ¥.Am. Chem. S0d.997 119, 617— (55) Dixon, I. M.; Callin, J.-P.; Sauvage, J.-P.; Flamigni, L.; Encinas, S.;
618. Barigelletti, F.Chem. Soc. Re 200Q 29, 385-391.
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The Ir(lll) complexes here show a high oxidizing power

complexes are known to display various excited-state proper-and relatively high reducing power in the excited state as

ties depending on the ancillary ligands chelated by the Ir-
(1) center#24355When the ligands are negatively charged,

evidenced from theiE.d* and E* values (Table 1). On
the basis of irreversible redox properties of isolated nucleo-

the emitting excited state has a high degree of metal-to-ligandbases .. 1.3 V for G and 1.4 V for A[Es —1.1V for
charge-transfer (MLCT) character, because the charge comU and T)>*62it is not unreasonable to expect at least the

pensation induced by the anionic ancillary ligands allows
the oxidation of the metal to proceed upon irradiation. In
contrast, when the ligands are lessdonating (like bpy

oxidation of purines (guanine and adenine) and the reduction
of pyrimidines (cytosine and thymine) upon irradiation in
the presence of the iridium complexes.

compared to ppy), the excited state is mainly ligand centered Spectroscopic Behavior in the Presence of Natural and
because less charge compensation can stabilize the metebynthetic DNAs. The changes in absorption resulting from

core. Thus, in the case of [Ir(bp§j", the excited state is
characterized by a low MLCT percentage20~30%) 2657
whereas for [Ir(ppy) 3+ the emission data are consistent with
an MLCT excited statéf In the present case, for complexes
combining two ppy ancillary ligands and one bpy type ligand
(dppz), itis likely that the excited state will be mainly MLCT
based, as evidenced for other similar mononuclear Ir(lll)
complexes [Ir(ppy(HAT)]+ (HAT = 1,4,5,8,9,12-hexaaza-
triphenylene or [Ir(ppy)2(dpp)I" (dpp= 2,3-di(2-pyridyl)-
pyrazine)®® The absorption and emission band shiftdraf,

Ir2, andIr3 upon either modification of the dppz ligand or
change in solvent composition are in agreement with this
notion. As with other similar classes of Ir(lll) complex@s,

the electrochemical data show a metal-based oxidation,

whereas the reduction is exclusively ligand centered. In our
case, itis clear that an electron-withdrawing functional group
(in 1Ir2) pushes the reduction potential to more-positive

the interaction of iridium and DNA are similar to those
previously reported for dppz complexes of Rufif®or Re-

(N8 in the presence of natural or synthetic polynucleotides
where the intercalation of the dppz ligand between the bases
of DNA is responsible for the variations seen in absorption
intensity. The high hypochromicity observed foB, for
example, in the presence of increasing concentration of
polynucleotide has already been evidenced for the [Ptgmes)
(dppz)]CL complex and the bulky [Ru(bpy(pap)]Ck
(tpgp: 7,8,13,14-tetrahydro-6-phenylquino-[8, #&jhenan-
throline) complex>%* The observation of an initial hyper-
chromic shift of the low-energy bands is most likely due to,
as suggested with the other complexes, the aggregation of
Ir3 in aqueous solution to protect dppgzom the solvent
molecules. At low DNA concentrations (DNA bp concentra-
tion <100uM), the addition of DNA duplexes disrupts the
aggregation of the complex and leads to the enhancement

values, and electron-donating groups shift to more-negativeof the absorbance. Once the aggregation is disrupted, and

values (r1). The reduction pattern is thus consistent with
an electron adding onto the dppz ligand, the reduction of
ppy moiety occurring at much more-negative potentiafs.

All of the data presented are in agreement with a lowest

the concentration of DNA is sufficiently high, the normal
hypochromic shifts can be observed.

The luminescence quenching observed kdr in the
presence of the increasing concentration of various poly-

excited state corresponding to a charge transfer from thenucleotides is similar to that observed for highly oxidizing

iridium metallic center to the dppz ligand, as depicted in eq
1.

[Ir(1(ppY) o(dpp2)]” + hw — [Ir(IV)(ppY) z(dppi’)]*zl)
This behavior is similar to that observed for [Ru(bpy)
(dppz)F, where it is now generally accepted that the lowest

emitting state corresponds to a state where the charge is

localized on the bpy portion of the dppz ligand. However
the situation in this latter case is somewhat much more
complicated, because the photophysics is governed by a
equilibrium between dark and bright stafé§%%! We are
currently unable to confirm the presence of a similar process
in our Ir(lll) complexes, and further spectroscopic investiga-
tions are required.
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Ru(ll) complexes such as [Ru(TAR)?" (L = dppz, bpy,
phen; TAP= 1,4,5,8-tetraazaphenanthrefieHowever, in

that case, two types of behaviors are observed depending
on the GC content of the polynucleotide. Indeed, when no
GC base pairs are present, that is, for [poly(dA-d]strong
luminescence enhancement is observed. This effect has been
attributed to a decrease in the efficiency of the nonradiative
deactivation processes of tARILCT excited state induced

by the double-helix microenvironment and protection from
oxygen quenching. In contrast, when polynucleotides con-

ntaining GC base pairs are added to the complex solution,

the emission is quenched. This quenching process has been
attributed to a photoinduced electron-transfer process from
a guanine moiety to the high-oxidizing triplet excited state
of the [RU(TAP}L]?" complex Ered* =~ +1.4 VINHE). In

our case, the photoreactivity df0 toward the different
natural and synthetic polynucleotides can be rationalized
based on the electrochemical properties. Indeed, on the basis

(62) Steenken, S.; Telo, J. P.; Novais, H. M.; Candeias, 0. Rm. Chem.
So0c.1992 114 4701-4709.

(63) Stoeffler, H. D.; Thornton, N. B.; Temkin, S. L.; Shanze, K.JS.
Am. Chem. Sod995 117, 7119-7128.

(64) Riba, E.; Barton, J. Klnorg. Chem.2004 43, 4570-4578.

(65) Elias, B.; Kirsch— De Mesmaeker, ACoord. Chem. Re 2006 250,
1627-1641.



Iridium(Ill) Cyclometalated Complexes with Oligonucleotides

of the reduction potential for the excited state, it seems
reasonable that, following irradiation, a reductive quenching
of the excited state by the guanine moiety takes place as
shown in eq 2.

[Ir(IV)(ppy) J(dppZ )I* * + G — [Ir(ll)(ppy) H(dppZ )] +
G +H" (2

This notion is in good agreement with the data obtained
by EPR. Indeed, the formation of an adduct between PBN
and a guanine radical results from the addition of the nitrone
on the G site of the guanine ring (Supporting Information).

inosine is absent, in the case of & reductior?® Thus,

the base-pair effects can be used to discern the redox
reactions that cause the ring opening“B€. In the case of
noncovalently boundrl or Ir3 irradiated in the presence
of ®PC-containing strands, the lack of I-enhancement effect
on ©"C decomposition could indicate tH&LC is photoreduced

by the iridium complexes. Thus, botHl andIr3 can only
oxidize purines and reduce pyrimidines, upon photoexcita-
tion. ForlIr2, °FC is consumed more efficiently when base-
paired to inosine. Because2 has a relatively higheEeq
thanlrl andIr3 (Table 1), it is more likely that photooxi-
dation processes would be the dominant reaction when DNA

In the present case, the guanine radicals stem thus from thds irradiated in the presence of this particular iridium

one-electron photooxidation of a guanine moiety by the
excitedlrO complex. Very interestingly, irradiation experi-
ments conducted withO in the presence of [poly(dA-dT)]

and PBN as a spin trap do not lead to any EPR signals,
whereas significant luminescence quenching is observed
when the complex is irradiated in the presence of the same
polynucleotide. As the excited statelodd might potentially
oxidize adenine moieties, the luminescence quenching could
originate from a similar photooxidative process as described
for guanine. However, if this is true, adenine radical cations
should also react with PBN and lead to a significant EPR
signal due to the A-PBN entit§?.5366These results support
the hypothesis for the need of a different photoinduced
process to explain the inhibition of luminescencéréf upon

the addition of [poly(dA-dT)] in the medium. We propose
that the quenching originates from a photoreductive process
of thymine bases by exciteldd as described in eq 3.

[Ir(IV)(ppy) H(dppZ )I* * + T — [Ir(IV)(ppy) 1(dppz)f " +
™ @)

Studies with Cyclopropylamine-Modified Oligonucle-
otides. The results outlined above show that both oxidative
and reductive damages can be triggered by the dppz
complexes of iridium. Taking advantage of the fast ring-
opening chemistry of modified bases upon one-electron
oxidation or reduction, we have studied the behavior of our
modified dppz Ir(lll) complexes to give further evidence for
the presence of oxidative or reductive damage to DNA under
irradiation (Table 3). The fact th&"G is very efficiently
decomposed under irradiation in the presence of all three

complex.

Conclusion

Four cyclometalated Ir(lll) complexes containing either
functionalized or unfunctionalized dppz ligands have been
synthesized and fully characterized. Optical and redox
features of the complexes are modulated by the functional
group with different electron affinities. The Ir(lll) complexes
exhibit unique excited-state redox properties and can be
applied to trigger both oxidation and reduction of DNA bases.
Luminescence and EPR measurements have shown the
presence of a photoinduced electron-transfer process leading
to guanine oxidation and, as shown indirectly, to thymine
reduction.

Redox decomposition of botR"C and °FG in a DNA
duplex is observed upon the irradiation of the noncovalently
bound iridium-derivatized complexes with DNA. Unlike
oxidation,®"C base-paired with guanine is decomposed in a
comparable or more efficient way than when base-paired to
inosine upon irradiation witlrl or Ir3. These results thus
provide information on the photochemical behavior of
noncovalently bound Ir(lll) complexes in the presence of
DNA. With monofunctional linkages on the dppz ligand,
these iridium complexes can furthermore be covalently
tethered to a DNA oligonucleotide, and the resulting Ir
DNA conjugates would possess at the same time a photo-
oxidant and a photoreductant with an identical intercalation
mode and electron coupling to DNADNA assemblies with
Irl or Ir3 can therefore be remarkably useful to compare
the features of ET and HT through the same DNA assembly.
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