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The bichromophoric system Ru—Ruc—PI ([(bpy)sRu—Ph—Ru(dpb)(Metpy-PI)][PFs]s, where bpy is 2,2'-bipyridine, Hdpb
is 1,3-di(2-pyridyl)-benzene, Metpy is 4'-methyl-2,2":6',2" -terpyridine and P is pyromellitimide) containing two Ru(ll)
polypyridyl chromophores with a Ng and a NsC ligand set, respectively, was synthesized and characterized. Its
photophysical properties were investigated and compared to those of the monochromophoric cyclometalated
complexes Ruc—P! ([Ru(dpb)(Metpy-PI)][PF¢]), Ruc—g—PI ([Ru(dpb)(ttpy-PI)][PFe], ttpy is 4'-p-tolyl-2,2":6',2"-
terpyridine), Ruc—¢ ([Ru(dpb)(ttpy)][PFe]), and Ruc ([Ru(dpb)(Metpy)][PF¢]). Excitation of the Ruc unit in the dyads
leads to oxidative quenching, forming the Ruc"—¢—PI*~ and Ruc"—PI'~ charge-separated (CS) states with Ker =
7.7 x 107 s7 (CH3CN, 298 K) in the tolyl-linked Ruc—¢—PI and Ker = 4.4 x 10° s~! (CH,Cl,, 298 K) in the
methylene-linked Ruc—P!. In the Ru—Ruc—PlI triad, excitation of the Ruc chromophore leads to dynamics similar to
those in the Ruc—PI dyad, generating the Ru'-Ruc"—PI*~ CS state, whereas excitation of the Ru unit results in
an initial energy transfer (kenr = 4.7 x 10 s™1) to the cyclometalated Ruc unit. Subsequent electron transfer to
the Pl acceptor results in the formation of the same Ru"-Ruc"—PI*~ CS state with kzr = 5.6 x 10° s7! that
undergoes rapid recombination with k°zr = 1 x 10%° s~ (CH,Cl,, 298 K). The fate of the Ru'"-Ruc"-PI*~ CS state
upon a second photoexcitation was studied by pump—pump—probe experiments in an attempt to detect the fully
charge-separated Ru"-Ruc'-PI*~ state.

Introduction visible light, excited state energies are typically around 2
eV, the energy of the charge-separated (CS) state rarely
exceeds 1.5 eV in common doresensitizer-acceptor (BD-

P—A) systems and is typically much smaller. An ultimate
challenge in the field is to use this energy to split water into
hydrogen and oxygen. Because the free energy change for

The unique processes of photosynthesis in which light
energy is converted into chemical energy have inspired
scientists to create synthetic analogues for a long time. Many
molecules capable of performing light-induced charge sepa-

ration have been synthesized and studied in déthithe this process is rather high (1.23 eV), it would be advanta-

most-common design of such devices consists of covalentlygeous to increase the energy of the photoinduced CS state

linked assemblies based on a single photosensitizer (P). W|thin order to drive the catalytic redox reactions of water
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Figure 1. Structures of complexes.

independently, providing a maximum of oxidation and

Ru-Ruc-PI

ttpy is 4-p-tolyl-2,2:6',2"'-terpyridine) was employed, where

reduction power. When only one single photosensitizer is the anionic dpb ligand reduces the reduction potential of

used, its electrochemical properties will likely be a compro-

mise. Note that this strategy differs from previous work
containing multiple photosensitizer dor@cceptor systems’

in that both chromophores would be involved in the charge-

separation process.

the excited stateH, = —1.53 V vs F¢°) compared to that

of [Ru(bpy)]?" (Ey2 = —1.24 V vs F¢’0).22 This allows us

to employ pyromellitimide (P1) as the electron acceptor with
a more-negative reduction potentidt;p ~ —1.2 V vs
Fct/0)14.15 compared to the more commonly used naphtha-

In a previous study, we thoroughly investigated the lenediimide (NDI) acceptorHy, ~ —0.95 V vs F¢’0).15-17

interaction between the ruthenium units in two-Rhbridge)-

The design of the P-P,—A triad Ru—Ruc—PI (Figure 1)

Ruc dyads where we demonstrated fast-exchange energyon the basis of a heteroleptic cyclometalated Bait with

transfer from the tris-bipyridyl (Ru) to the cyclometalated
(Ruc) unit on an~1 ps time scalé® We have now set out

bis-tridentate ligands avoids the common problem of struc-
tural isomers when combining several ruthenium polypyridyl

to exploit this process and couple the observed energy-units!®

transfer event to further charge separation in a first attempt

In this work, we present the synthesis, characterization,

toward our main goal of achieving high-energy CS states. and photophysical properties of the novel R®l, Ru.—

[Ru(bpy)]?" (bpy is 2,2-bipyridine) was chosen as the P
unit because of the high potential of the'"Ruredox couplé&

(Ex2 = 0.88 V vs F¢0). For a B unit, the cyclometalated
[Ru(dpb)(ttpy)] *? (Hdpb is 1,3-di(2-pyridyl)-benzene and
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(8) (a) Swavey, S.; Brewer, K. Jnorg. Chem.2002 41, 4044-4050.
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@—PI, and Ru-Ruc—PI complexes. From the investigation without passing the sample and the transient absorption was
of the primary charge separation in the monochromophoric calculated asAabs = —log[(lproper=t/l reference:=t)/ (I prober=0/  refer
Ruc—PI and Re—¢—Pl models, it became apparent that ence;—0)]. The reported values are averages of 5600 000
the shorter methylene link provides superior electron-transfer individual measurements. For the single-pump experiments, the
properties, which led to the design of the-RRuc—P| triad. ~ PUMP energy was set below /2J. In the pump-pump-probe
The primary charge-separation step in the-Ruc—PI triad g;ﬁ;gpﬁ $2tesyhtigiiioe?gr; E;:?Sv\;v: ?oscﬂlstelg Zizgglg roar:lct)hzyszzifll;n
(P—*P,—A — P,—P>;*t—A*") was shown to occur regardless ' '

e .~ whereas the low-energy part focused on the sample after passing a
of excitation wavelength. We also explored the possibility gecong delay line. To allow for maximum transient signals, we set

of generating the high-energy RurRuc" —PI'~ state viathe  the total pump energy in the pumpump-probe experiments at

absorption of a second photon by the primary RRuc"' — 3.5 uJ. With this energy, no severe sample degradation was
PlI”~ CS state (*P—Py*—A*— P;*—P,—A*"). For this observed.

purpose, we used the pumpump—probe technique earlier For the experiments on RuPl, we performed an estimate of
adapted by Wasielewski and co-workers, who had a different the solvent dependence on the free energy driving force on the basis
goal of achieving molecular switchés. of the electrochemical data in GEIN. In the equations below, the

donor and acceptor units are treated as spHéres.
Experimental Section

2
HPLC-MS data were obtained on a Gilson system on a AG2r= (Eh — ERS ) epon — £ (i -1 ) x
Phenomenex Gemini C18 column (1503 mm, 5um) coupled to : dreof \€sow  €chon
a Finnigan AQA Thermo Quest with electrospray ionization (ESI- Zp1 - Zr1 sz - Zr2 Zplzp2
MS). Solvents used for HPLC were 0.1% H&On H,0 and 0.1% 2a, + 28, | ewrs 1)

HCO,H in CH;CN. Mass spectrometry experiments were done on 0 o0 o
a high-resolution Bruker Daltonics BioAPEX-94e superconducting AGcs = —Eg, + —AGcg 2)
9.4 T FTICR mass spectrometer (Bruker Daltonics, Billerica, MA)
(ESI-FTICR MS) equipped with an in-house-developed emer.  Ej, is the halfwave potential andis the static dielectric constant.
Spectroscopy!H NMR spectra were recorded on a Varian (300 Zis the charge number of the donor and the acceptor in the ground
or 400 MHz) spectrometer. UVvis absorption spectra were (Z) and charge-separated,) statesa; anda, are the radii of the
measured on a HewletPackard 8453 instrument. Fluorescence redox units and is the distance between the components. For the
spectra were recorded on a SPEX Fluoromax fluorimeter and were Ruc—PI dyad, we used the following values; = 7 A (Ru),a, =
corrected for the wavelength-dependent response of the detecto5 A (PI), andr = 10 A. In eq 1, the first term in the square brackets
system. gives the contribution from the Born solvation energy in a specific
Time-resolved correlated single photon counting measurementssolvent as compared to the solvent used for the determination of
were performed on a previously described syst&ithe emission the E;, values. The second term gives the contribution from the
was collected at magic angle polarization (5%.felative to the coulombic interaction stabilizing the CS state.
excitation light, and the instrument had a response function with a  Electrochemistry. Cyclic voltammetry was carried out with a
fwhm of ~60 ps. The concentration of the samples in the emission three-electrode setup in a three-compartment cell connected to an
experiments was controlled so that the absorption at the pumpAutolab potentiostat with a GPES electrochemical interface (Eco
wavelength was held around 0.1. Chemie). The working electrode was a glassy carbon disk (diameter
The laser pulses generated for the transient absorption pump 3 mm, freshly polished). Potentials were measured vs a nonagqueous
probe experiments have been previously describdthe 800 nm Ag/Agt reference electrode (CH Instruments, 10 mM AgN@®
output was converted to 450 or 550 nm, with a temporal width of acetonitrile) with a potential 0f~0.080 V vs the ferrocenium/
~150 fs, in an optical parametric amplifier (TOPAS). A mechanical ferrocene (FE©) couple in acetonitrile. All potentials reported here
chopper blocked every second pump beam. The probe light wasare referenced vs the F& couple by adding—0.080 V to the
passed through a moveable delay line, allowing the delay betweenpotentials measured vs the Ag/Agelectrode. Solutions were
pump and probe to vary as much as 10 ns. A vertically moving prepared from dry acetonitrile (Merck, spectroscopy grade, dried
CaF; crystal in the probe beam produced a continuous white light with MS 3 A) and contained ca. 1 mM of the analyte and 0.1 M
and al/2 plate adjusted the polarization of the light so that the tetrabutylammonium hexafluorophosphate (Fluka, electrochemical
difference in polarization between pump and probe was fixed at grade, dried at 373 K) as the supporting electrolyte. The glassware
magic angle conditions. The pump and probe beam was thenused was oven dried, assembled, and flushed with argon while hot.
focused in a vertically moving % 10 mn¥ cell. The transmitted Before all measurements, oxygen was removed by bubbling the
probe light was divided spatially on an optical diffraction grating stirred solutions with solvent-saturated argon; the samples were kept
and further detected on a diode array. To adjust for differences in under an argon atmosphere during measurements.
laser intensity, we passed parts of the probe light to the detector Synthesis All solvents and reagents were used as received from
commercial suppliers unless otherwise notéd44Aminomethyl)-
(19) IE/?) éniersson, I\;I] Sinks, L.cli.; Hayes, R. T.; Zhao, E Wﬁsielewski, phenyl]-2,2:6',2"-terpyridine (),*¢¢ pyridacyl pyridinium iodide
. R. Angew. Chem., Int. EQR003 27, 3139-3143. Lukas, A. 234" 2 DG idi 4 -di(2-pvri -
S, Bushagrd, P. J.; Wasielewski, %/I._R.Am. Chem. S(O)QOO], 123 E)lO), 4 mﬁ't(;lyl 2;2|.:\§5 ’2'_ telriynd:jne E)Metgy)%_;.ﬁ::j@bp)gldyll)o
2440-2441. (c) Hayes, R. T.; Wasielewski, M. R.; Gosztola,DD. enzene (Hdpb):* Ruc—¢,*** and [(bpy}Ru pb][Pk]2
Am. Chem. So@00Q 122 5563-5567. (d) Debreczeny, M. P.; Svec,

W. A.; Marsh, E. M.; Wasielewski, M. R]. Am. Chem. Sod.996 (22) Rehm, D.; Weller, Alsr. J. Chem197Q 8, 259-271.

118 8174-8175. (23) Priimov, G. U.; Moore, P.; Maritim, P. K.; Butalanyi, P. K.; Alcock,
(20) Nilsson, S.; Wetterhall, M.; Bergquist, J.; Nyholm, L.; Markides, K. N. W. J. Chem. Soc., Dalton Tran200Q 445-449.

Rapid Commun. Mass Spectrog@01, 15, 1997-2000. (24) Johansson, A.; Abrahamsson, M.; Magnuson, A.; Huang, P.; Martens-
(21) Andersson, M.; Davidsson, J.; Hammaistrd..; Korppi-Tommola, son, J.; Styring, S.; Hammarsim L.; Sun, L.; Aermark, B.Inorg.

J.; Peltola, TJ. Phys. Chem. B999 103 3258-3262. Chem.2003 42, 7502-7511.
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were prepared as described previoubly2-Ethylhexyl)-benzene-
1,2-dicarboxanhydride-4,5-dicarboximid®) (vas prepared as de-
scribed for N-octylbenzene-1,2-dicarboxanhydride-4,5-dicarbox-
imide 2> Ru(Metpy)Ch, Ru(ttpy-PI)Ck, and Ru(Metpy-P1)Glwere
prepared in manner similar to that for Ru(tpyy®€hnd used without
further purification.

Terpyridine 3 (ttpy-Pl). 4'-[4-(Aminomethyl)phenyl]-2,26',2"'-
terpyridine () (0.749 g, 2.21 mmol) and-(2-ethylhexyl)-benzene-
1,2-dicarboxanhydride-4,5-dicarboximid® (0.780 g, 2.37 mmol)
were refluxed in freshly distilled toluene (40 mL) under nitrogen
for 12 h. The clear solution was allowed to reach room temperature.
Hexane (40 mL) was added, and the resulting precipitate was filtered
off, washed with cold toluene/hexane (1:1), and subsequently dried
under vacuum (1.13 g, 78%- NMR (300 MHz, CDC}, 25°C):

0 0.85-1.00 (m, 6H), 1.26-1.40 (m, 8H), 1.85 (m, 1H), 3.63 (d,
2H), 4.97 (s, 2H), 7.36 (ddd, 1H), 7.59 (d, 2H), 7-8694 (m,
4H), 8.29 (s, 2H), 8.67 (d, 2H), 8.7®8.75 (m, 4H).13C NMR: ¢

10.5, 14.2, 23.1, 24.0, 28.6, 30.7, 38.4, 42.1, 42.7, 118.5, 119.0,
121.5,124.0,127.9, 129.5, 136.5, 137.0, 137.3, 137.4, 138.6, 149.2
149.7, 156.1, 156.2, 166.0, 166.6.

N-(Acetaldehyde dimethyl acetal)N'-(2-ethylhexyl)-benzene-
1,2,4,5-tetra-carboxydiimide 5.Aminoacetaldehyde dimethyl ac-
etal @) (0.178 g, 1.70 mmol) andl-(2-ethylhexyl)-benzene-1,2-
dicarboxanhydride-4,5-dicarboximid®) (0.526 g, 1.60 mmol) were
refluxed in freshly distilled toluene under a nitrogen atmosphere

66.3,118.5, 122.5, 127.9, 137.4, 137.5, 137.7, 149.0, 152.9, 166.6,
166.8, 200.5.

Compound 9.Compound3 (0.210 g, 0.43 mmol) was dissolved
in dry CH,Cl, (8 mL), and the temperature was reduced-80
°C. Triethylamine (0.16 mL, 1.1 mmol) was added, followed by a
dropwise addition of methanesulfonyl chloride (0.040 mL, 0.50
mmol). The solution was allowed to reach room temperature and
was left overnight. The solution was washed witbCHand dried
over NaSQ,. After the solvent was removed, the residue was
chromatographed on silica (eluent, 1:2 EtOAc:toluene) to give enone
9 (0.120 g, 59%)H NMR (300 MHz, CDC}, 25°C): ¢ 0.85—
1.00 (m, 6H), 1.26-1.40 (m, 8H), 1.86 (m, 1H), 3.64 (d, 2H), 4.64
(d, 2H), 7.12 (dt, 1H), 7.48 (ddd, 1H), 7.78 (d, 1H), 7.85 (dt, 1H),
8.11 (d, 1H), 8.31 (s, 2H), 8.66 (m, 1HFC NMR: ¢ 10.6, 14.2,
23.1,24.1, 28.6, 30.7, 38.5, 39.7, 42.8, 118.6, 123.2, 126.6, 127.4,
137.2, 137.3, 137.6, 140.0, 149.1, 153.5, 165.8, 166.7, 188.9.

Terpyridine 11 (Metpy-PI). Pyridacyl pyridinium iodide 10)
(0.108 g, 0.33 mmol), enor(0.155 g, 0.33 mmol), and NiDAc
(0.46 g, 6 mmol) were heated in MeOH (2 mL) at reflux under N
for 8 h. The formed solid was filtered off and washed with
additional MeOH until the washings were colorless, givitigas
an off-white solid (0.055 g, 29%3H NMR (300 MHz, CDC}, 25
°C): 6 0.85-1.00 (m, 6H), 1.26-1.40 (m, 8H), 1.84 (m, 1H), 3.62
(d, 2H), 5.08 (s, 2H), 7.33 (ddd, 2H), 7.84 (dt, 2H), 8.29 (s, 2H),
8.45 (s, 2H), 8.57 (d, 2H), 8.67 (m, 2HFC NMR: ¢ 10.6, 14.2,

for 22 h. The solvent was removed, and the residue was chromato-23-2, 24.1,28.7, 30.7, 38.5, 41.8, 42.8, 118.7, 120.3, 121.6, 124.2,

graphed on silica gel (eluent, 1:2 EtOAc:toluene) to giv@®.429
g, 64%).H NMR (300 MHz, CDC}, 25°C): 6 0.85-1.00 (m,
6H), 1.20-1.40 (m, 8H), 1.85 (m, 1H), 3.38 (s, 6H), 3.64 (d, 2H),
3.88 (d, 2H), 4.77 (t, 1H), 8.28 (s, 2H¥C NMR: ¢ 10.6, 14.2,

23.2,24.1, 28.7, 30.7, 38.5, 39.5, 42.8, 53.5, 100.0, 118.5, 137.3,

137.5, 166.2, 166.7.

N-AcetaldehydeN'-(2-ethylhexyl)-benzene-1,2,4,5-tetracar-
boxydiimide 6. Compounds (0.985 g, 2.36 mmol) was dissolved
in a 1:1 CHC§CRCOOH mixture (16 mL) and stirred at room
temperature for 4 h. Saturated NaHE®as added until neutral
pH was reached. The mixture was extracted with GHé&hd the
organic phase was dried over J$©,. After the solvent was
removed, compoun@was isolated as a white solid (0.853 g, 97%).
I1H NMR (300 MHz, CDC}, 25°C): 6 0.85-1.00 (m, 6H), 1.26-
1.40 (m, 8H), 1.85 (m, 1H), 3.65 (d, 2H), 4.65 (s, 2H), 8.31 (s,
2H), 9.67 (s, 1H)13C NMR: ¢ 10.6, 14.2, 23.2, 24.1, 28.7, 30.7,
38.5, 42.9, 48.0, 118.8, 137.2, 137.7, 165.6, 166.6, 192.4.

Compound 8. 2-Acetylpyridine (0.230 mL, 1.96 mmol) was
added dropwise to a THF (distilled from Na/benzophenone) solution
(5 mL) of LDA (2.1 mmol) at—50 °C. After 40 min, the solution
was subsequently transferred dropwise to a solutidh (6699 g,

1.89 mmol) in THF (20 mL) at-78 °C. The solution was brought

to room temperature after 30 min, after which saturated®k/as
added. The organic phase was separated, and the water phase w;
extracted with BXO. The combined organic phases were dried over
N&SO0,, and the solvent was removed. The residue was chromato-
graphed on silica (eluent, 1:2 EtOAc:toluene) to g8/¢0.211 g,
23%).'H NMR (300 MHz, CDC}, 25°C): 6 0.85-1.00 (m, 6H),
1.20-1.40 (m, 8H), 1.85 (m, 1H), 3.39 (dd, 1H), 3.48 (dd, 1H),
3.63 (d, 2H), 3.86 (dd, 1H), 4.02 (dd, 1H), 4.53 (m, 1H), 7.52 (ddd,
1H), 7.88 (dt, 1H), 8.06 (m, 1H), 8.28 (s, 2H), 8.66 (m, 1ML
NMR: 6 10.6, 14.2, 23.2, 24.1, 28.7, 30.7, 38.5, 42.8, 43.4, 44.1,

(25) Wiederrecht, G. P.; Svec, W. A.; Niemczyk, M. P.; Wasielewski, M.
R. J. Phys. Chem1995 99, 8918-8926.

(26) Sullivan, B. P.; Calvert, J. M.; Meyer, T. [horg. Chem.198Q 19,
1404-1407.

137.2, 137.4, 137.6, 146.4, 149.2, 155.8, 156.2, 166.1, 166.7.

4'-Cyano-2,2:6',2"-terpyridine 13. 4'-Chloro-2,2:6',2"'-ter-
pyridine (0.075 g, 0.28 mmol), Zn(CMj0.020 g, 0.17 mmol), Zn
(0.005 g, 0.08 mmol), Pd(dbaj0.007 g, 0.01 mmol), and dppf
(0.015 g, 0.03 mmol) in DMA (1.5 mL) were heated at 18D
using microwave heating for 75 min. The DMA was removed; the
residue was suspended in CH@&hd filtered through Celite and a
short alumina (activated, neutral) column to gi#0.047 g, 65%).
H NMR (300 MHz, CDC}, 25°C): 7.43 (ddd, 2H), 7.92 (dt, 2H),
8.63 (m, 2H), 8.74 (s, 2H), 8.76 (m, 2H). HPLC ESI-M&/%):
(M + H*) 259.3 (calcd, 259.1).

4'-Aminomethyl-2,2:6',2"-terpyridine 14. 4-Cyano-2,26',2'-
terpyridine (0.035 g, 0.14 mmol) and 10% Pd/C (0.005 g) were
added to AcOH and stirred undep K1 atm) for 24 h. The mixture
was filtered through Celite; the solvent was removed, and the
residue was treated with saturated NaHCahd subsequently
extracted with CHGl After being dried over N&5O,, the solvent
was removed to givel4 (0.030 g, 84%).H NMR (300 MHz,
CDCl;, 25°C): 6 4.07 (s, 2H), 7.34 (ddd, 2H), 7.87 (dt, 2H), 8.43
(s, 2H), 8.63 (d, 2H), 8.71 (m, 2H¥C NMR: 0 46.2,119.4, 121.6,
124.0, 137.1, 149.3, 154.7, 155.9, 156.5.

Alternative Synthesis of 11.4'-Aminomethyl-2,2:6',2"'-terpyr-
idine (0.020 g, 0.076 mmol) andl-(2-ethylhexyl)-benzene-1,2-
dicarboxanhydride-4,5-dicarboximid@)((0.028 g, 0.085 mmol)

as

were refluxed in freshly distilled toluene (2.5 mL) under a nitrogen

atmosphere for 24 h. The solution was concentrated to half the

volume, and pentane was added. The formed precipitate was filtered

off and washed with cold pentane (0.029 g, 67%). The NMR spectra

were identical to those previously recorded idr (above).
[Ru(dpb)(ttpy-PNI[PF 6] (Ruc—¢—PI). Ru(ttpy-PI)Ck (0.072

g, 0.084 mmol) and AgBF(0.100 g, 0.51 mmol) were heated at

reflux in acetone (20 mL) for 2 h. The formed AgCl was filtered

off, and the acetone was removed in vacuo. The remaining purple

residue was dissolved in a 1:1 mixture of DMBUOH (16 mL),

and Hdpb (0.022 g, 0.095 mmol) was added. After the solution

was stirred at 130C under N for 4 h, the solvents were removed

in vacuo and the residue was purified by column chromatography
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on silica (eluent, 40:4:1 CHCN:H,O(aq):KNG;). After anion
exchange with P§F, the title complex was further purified on a
short alumina column (activated neutral; eluent, 1: ,CNttoluene)
and isolated as a dark purple solid (0.032 g, 33%)NMR (300
MHz, CDsCN, 25°C): 6 0.85-0.95 (m, 6H), 1.251.40 (m, 8H),
1.80 (m, 1H), 3.59 (d, 2H), 5.04 (s, 2H), 6.64 (ddd, 2H), 6.95 (ddd,
2H), 7.07 (m, 2H), 7.11 (m, 2H), 7.46 (t, 1H), 7.60 (m, 2H), 7.70
(m, 2H), 7.74 (d, 2H), 8.168.20 (m, 4H), 8.258.30 (m, 4H),
8.54 (m, 2H), 8.98 (s, 2H). ESIFTICR MS W2): [M — PRs]*
982.3 (calcd for GeHaeN7O4RU, 982.3). Elemental anal. Calcd (%)
for CseHaeN7O4RUPR+1H,O: C, 58.74; H, 4.23; N, 8.56. Found:
C, 58.52; H, 4.26; N, 8.59.

[Ru(dpb)(Metpy-PD][PF ¢] (Ruc—PI). Prepared the same way
as [Ru(dpb)(ttpy-P1)][PH above. Ru(Metpy-PI)GI(0.036 g, 0.046
mmol) and AgBFRz (0.049 g, 0.25 mmol) in acetone (10 mL). Hdpb
(0.013 g, 0.056 mmol) in 9:1 DMR:BUOH (8 mL). Purified by
column chromatography on silica (eluent, 95:5:1;CN:H,O(aq):
KNO3). Yield: 0.018 g, 37%H NMR (300 MHz, CDXCN, 25
°C): 6 0.85-0.95 (m, 6H), 1.251.40 (m, 8H), 1.81 (m, 1H), 3.61
(d, 2H), 5.35 (s, 2H), 6.62 (ddd, 2H), 6.9G@.00 (m, 4H), 7.10 (m,
2H), 7.44 (t, 1H), 7.58 (m, 2H), 7.66 (dt, 2H), 8.12 (m, 2H), 8.24
(d, 2H), 8.35 (s, 2H), 8.41 (m, 2H), 8.71 (s, 2H). HPLC ESI-MS
(m'2): [M — PR]" 906.9 (calcd for GoH4N;OsRu, 906.2).
Elemental anal. Calcd (%) for gH4,N;O4RUPF: C, 57.14; H,
4.03; N, 9.33. Found: C, 57.22; H, 4.20; N, 9.18.

[Ru(dpb)(Metpy][PF ¢] (Ruc). Prepared as described above. Ru-
(Metpy)Ck (0.050 g, 0.11 mmol) and AgBK0.085 g, 0.44 mmol)
in acetone (18 mL). Hdpb (0.033 g, 0.14 mmol) in 9:1 DN:
BuOH (14 mL). Purified by column chromatography on silica
(eluent, 40:4:1 CBCN:H,0(aq):KNQ,). Yield: 0.033 g, 41%!H
NMR (300 MHz, CxCN, 25°C): 6 2.88 (s, 3H), 6.65 (ddd, 2H),
6.91 (ddd, 2H), 7.04 (m, 4H), 7.41 (t, 1H), 7.59 (dt, 2H), 7.66 (dt,
2H), 8.13 (m, 2H), 8.25 (d, 2H), 8.36 (m, 2H), 8.62 (s, 2H). ESI
FTICR MS (W2): [M — PR]* 580.1 (calcd for GH4NsRu,
580.1). Elemental anal. Calcd (%) fogf#,/NsRuPF: C, 53.04;

H, 3.34; N, 9.67. Found: C, 52.92; H, 3.49; N, 9.51.

[(bpy)sRu-Ph-Ru(dpb)(Metpy-P)][PF¢]s (Ru—Ruc—Pl). Pre-
pared as described above. Ru(Metpy-PJ)Y0l035 g, 0.045 mmol)
and AgBF, (0.053 g, 0.27 mmol) in acetone (10 mL). [(bpRlu-
Ph-Hdpb][PF]. (0.052 g, 0.045 mmol) in 1:1 DMR:BUOH (10
mL). Purified by column chromatography on silica (eluent, 20:3:1
CH3CN:H,0O(aq):KNQ). Yield: 0.040 g, 45%*H NMR (400 MHz,
CDsCN, 25°C): 6 0.90-1.00 (m, 6H), 1.251.45 (m, 8H), 1.85
(m, 1H), 3.63 (d, 2H), 5.39 (s, 2H), 6.70 (ddd, 2H), 6.96 (ddd,
2H), 7.05 (m, 2H), 7.14 (m, 2H), 7.42.55 (m, 5H), 7.647.74
(m, 6H), 7.78 (m, 2H), 7.83 (m, 1H), 7.90 (m, 1H), 7-98.00 (m,
2H), 8.08-8.18 (m, 7H), 8.29 (d, 2H), 8.38 (s, 2H), 8:48.50
(m, 3H), 8.54-8.60 (m, 7H), 8.63 (d, 1H), 8.75 (s, 2H). ESI
FTICR MS (m2): [M — PR]" 1840.6 (calcd for gsHeaN1304-
RUPF,, 1840.3); [M— 2PRs]?" 847.7 (calcd for GsHggN1304-
RUPF;, 847.7); [M - 3P|'_57]3Jr 516.8 (CalCd for GsHesN1304RU,
516.8). Elemental anal. Calcd (%) fogdBlesN1304RUPsF1g:3H,0:

C, 50.67; H, 3.66; N, 8.93. Found: C, 50.58; H, 3.56; N, 9.08.

Results and Discussion

Synthesis.The synthesis of the new terpyridine ligands
ttpy-PI1 (3) and Metpy-PI 11) followed the routes outlined
in Scheme 1. The pyromellitimide substituted phenyl-
terpyridine 3 was prepared in a condensation reaction
between monoanhydrideand 4-[4-(aminomethyl)phenyl]-
2,2:6',2"'-terpyridine () according to the procedures devel-
oped previouslyé¢ In contrast, the initial synthesis of
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methylene-linked Metpy-PI1(1) commenced with the con-
densation of monoanhydrid® and aminoacetaldehyde di-
methyl acetal4) to give diimide5. The subsequent liberation
of the aldehyde to furnisf was followed by a classical ring
assembly strategy according to the Knke proceduré’
Enone9 was prepared in two steps in modest yield frém
and 2-acetylpyridine. A final ring-forming reaction between
pyridacyl pyridinium iodidel0 and enon@ in the presence
of ammonium acetate in methanol gave MetpyiRl

Because of the low yield in the synthesis b1, an
alternative strategy similar to the one for ttpy-Pl was also
developed. The synthesis ofdyano-2,26',2"-terpyridine
13 was earlier reported by Pottsand recently by John and
co-workers?® We preferred a palladium catalyzed cyanation
reaction on easily accessibleehloro-2,2:6',2"-terpyridine
128031 following the procedures developed by 3inThe
cyano-functionalized terpyridine was subsequently reduced
using Pd/C under Hin acetic acid to giveld. A final
condensation reaction between monoanhydided14 gave
Metpy-Pl in 37% overall yield starting frorh2.

The synthetic approach to the cyclometalated ruthenium(ll)
complexes (Figure 1) followed well-established procedties.
Accordingly, the prepared ligands ttpy-Pl, Metpy-PI, and
Metpy were each reacted with 1 equiv of RgGH,0 in
refluxing ethanol to give the monotridentate Ru(X-tpy)Cl
species. In situ preparations of the respective [Ru(X-tpy)-
(acetongy®* salts in refluxing acetone with AgBFwere
followed by cyclometalation in DMER-BuOH mixtures at
130°C in the presence of 1,3-di(2-pyridyl)-benzene (Hdpb)
or [(bpysRu—Ph-Hdpb][PF].. After chromatography, the
desired Ry—PI, Ruu—¢—PI, and Ru+-Ruc—PlI, as well as
the Rk model complex, were isolated in 335% yields.

All new complexes gave satisfying ESI mass spectra and
showed elemental analyses in accordance with the assigned
structures.

Electrochemistry. The redox potentials for all complexes
were determined by cyclic voltammetry (CV) and differential
pulse voltammetry (DPV) and are given in Table 1. All
potentials are reported vs the credox couple. For all
complexes, a reversible waveEf, = 0.1 V was observed,
which is typical for the RU" couple of the cyclometalated
Ruc unit!?2In Ru—Ruc—PI, a second reversible oxidation
occurs atEy», = 0.91 V that can be assigned to the"Ru
couple of the Ru unit. This value is close to that reported
previously for the [(bpyyRu—Ph-Hdpb][PF]. precursor E,,
= 0.90 V)Y and indicates little electronic communication
between the two metal centéfs.In the Pl-containing
complexes, the first reduction process is observeehat=
—1.2 V, corresponding to the ®1 redox couplé®!®> The

(27) Krohnke, F.Synthesidl976 1—-24.

(28) Potts, K. T.; Cipullo, M. J.; Ralli, P.; Theodoridis, G.Org. Chem.
1982 47, 30273038.

(29) Veauthier, J. M.; Carlson, C. N.; Collis, G. E.; Kiplinger, J. L.; John,
K. D. Synthesi2005 2683-2686.

(30) Schubert, U. S.; Schmatloch, S.; Precup, ADAs. Monomers Polym.
2002 5, 211-221.

(31) Constable, E. C.; Ward, M. 0. Chem. Soc., Dalton Tran99Q
1405-1409.

(32) Jin, F.; Confalone, P. Nl'etrahedron Lett200Q 41, 3271-3273.

(33) Ward, M. D.Chem. Soc. Re 1995 24, 121-134.
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a(a) Toluene (reflux); (b) toluene (reflux); (c) (1) @EOOH (rt), (2) NaHCGQ; (d) (1) LDA, THF (=50 °C), (2) 6 (—78 °C); (e) MsCI, NEg, CH.Cl,
(=30 °C); (f) NH4sOAc, MeOH (reflux); (g) Zn(CN), Pd(dbay, dppf, Zn, DMA (180°C, microwave); (h) Pd/C, K AcOH (rt); (i) 2, toluene (reflux).

Table 1. Redox Potentials of Mono- and Bimetallic Complexes the reduction peak arising from the 2rcouple is obscured
because of adsorption processes that occur areund V,

Ei2 (V)2

comple®  RUM (Ng RUM (NsC) PP~ PI2-  LO- where the acceptor moiety as well as the ditopic ligand of
Ruc—q—PI 1013 121 -180 —1.90 the bimetallic complex are reducddA third reduction
Ruc—PI +0.13 -1.21 -1.81 -1.99 occurs atk;, = —1.90 and—1.99 V for Ru—¢—PI and
SUUC_R“C_P' +0.91 ig-}g —1.20 j-gg Ruc—PI, respectively, which can be assigned to the terpyr-
Ruc—g¢ +0.10 —1.99 idine ligands by comparison to the Rand Re—¢ model
[Ru(bpy)]?2te  +0.88 -1.74 complexes.
[Ru(ttpyy]te  +0.84 -1.65

_ Absorption Properties. Absorption spectra for all new
*Vs. FC™, CHiCN, 0.1 M TBAPR, PAs PRy salts. Ireversible, DRV oy javas were obtained in GEN, and the absorption

peak potential, assigned to 4 and bridging ligand reductiond.See ref ! .
12a. Potentials reported vs. SCE, recalculated by subtracting 0.88a& maxima for the metal-to-ligand charge-transfer (MLCT)
ref 16c. bands are listed in Table 2, together with the data for the

second reduction of the PI unit was observeeat= —1.8 model complexes. The PI unit gives no contribution in the
V for Ruc—Pl and Rg—¢—PI. In Ru—Ruc—PI, however, wavelength region of the MLCT bands; the monometallic
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Table 2. Photophysical Data (298 K)
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absorption photophysical data

complex Amax(NM) (€ x 1074 solvent Tems(PS) et (PS) %1 (pS) TenT (PS)
Ruc—¢—PI 507 (1.6) CHCN 3300 13000 b
Ruc—PI 504 (1.3) CHCN 240 180 28
Ruc—PI CH,Cl, 290 220 64
Ruc—PI toluene 1500 b b
Ru—Ruc—PI 504 (2.5) 456 (2.6) CiCl, 120 180 90 2.1
Ruc 504 (1.3) CHCN 4000
Ruc—¢ 504 (1.1} CHiCN 4500
[Ru(bpy)]2*+ ¢ 451 (1.4) CHCN 8.9x 10°
Ru(tt 2+d 490 (2.8 CHCN 950
[Ru(itpy)]

aAs PR~ salts.P Not determined® See ref 12ad See ref 16c.

12

10
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Figure 2. Absorption spectra of RuRuc—PI (—), after electrolysis at
0.42V (- --), and at-1.48 V (»--). Inset shows the corresponding difference
spectra.

Ruc—¢—PIl, Re—PIl, Rt—¢, and Rg complexes show
similar MLCT bands, with maxima around 500 nm that
originate from overlapping Rufd — dpb(@r*) and Ru(dr)

— tpy(*) or ttpy(z*) transitions. However, the molar
extinction coefficients are somewhat larger for the phenyl-
tpy-containing complexes because of a more-delocalize
excited staté* For both R4—¢—PI and Ry—¢, a shoulder

state of the cyclometalated complex is characterized by a
broad absorption band peaking at 750 nm. This band is also
observed for oxidized mononuclear cyclometalated compigxes
and thus can be attributed to a LMCT transition rather than
to an intervalence charge-transfer (IVCT) transition in the
mixed-valence RIRu"" complex. Reduction of the PI unit
(—1.48 V) generates the PI radical anion and gives rise to
the narrow absorption peak at 715 nm.

Energy and Electron Transfer. The monometallic R¢t—¢
and R exhibit weak fluorescencep(~ 10-°) with SMLCT
excited-state lifetimes in CGI€N of 4.5 and 4.0 ns, respec-
tively, as determined from time-correlated single photon
counting experiments. For the Rug—PI dyad, the excited
state was slightly quenched, with,s = 3.3 ns (CHCN).
The only likely quenching mechanism is electron transfer
to the PI unit, which has a significant driving force AG%:s
= 0.38 eV), as deduced from the RehiVeller equation
taking into account the contribution from coulombic interac-
tions (see Experimental Section). The reduced Ridical
could not be detected by transient absorption spectroscopy,
indicating a fast recombination reaction @u-P—PI"~ —
Ruc"—¢—Pl). Earlier, we observed rapid recombination in
[Ru(bpy)]?—NDI dyads with similar linking motif$ In

gthat study, exclusion of the phenyl unit in the bridge

decreased the ratio between the rates of the recombination

is apparent at approximately 550 nm that can be assigned tgeeaction and forward electron transfer, thus allowing for a

Ru(dr) — ttpy(*) transitions, whereas the higher-energy

transition (~505 nm) is due to Rugd — dpb(r*) transitions.
The Ru-Ruc—PI triad features intense MLCT transitions

between 400 and 600 nm originating from both ruthenium

units (Figure 2). The shape of the spectrum agreed with a

1:1 summation of the monomer spectra but with an overall
magnitude of the MLCT bands that was30% higher,
indicating that the metallic interaction increased the transition
dipole momentd?

Spectra of the oxidized Ruunits and the reduced PI
acceptor were obtained by spectroelectrochemistry isgGDH
solution, and the spectral changes for-fRuc—PI are shown
in Figure 2. The spectrum of the starting material was
quantitatively recovered upon re-reduction and reoxidation,

transient population of the CS state. Applying a similar
strategy in Rg—P1I, the emission was quenched much faster,
Tems = 240 ps in CHCN, because of the shorter doror
acceptor distance. Formation of the CS state could also be
detected by transient absorption punagyobe experiments
with the characteristic absorption from the Pladical € =
27 800 cm® M~tat 715 nm). Kinetic data for the formation
and decay of the CS state were obtained from a biexponential
global fit at four different wavelengths and gawer = 180
ps for the CS reaction and’zr = 28 ps for the charge
recombination (CR) reaction.

The CR reaction occurs in the Marcus inverted region,
where the electron-transfer rate should decrease monotoni-
cally with increasing driving force{AG°%g) and decreasing

and isosbestic points were maintained in the course of feorganization energyl).* Becausél is expected to decrease

electrolysis. Oxidation at 0.42 V results in bleaching of the
500 nm MLCT band of the Ryunit. The oxidized (Rg")

and —AGCcr to increase with decreasing solvent polarity,
the Ru—PI dyad was further investigated in @El, and

(34) Collin, J.-P.; Guillerez, S.; Sauvage, J.-P.; Barigelletti, F.; De Cola,
L.; Flamigni, L.; Balzani, V.Inorg. Chem.1991, 30, 4230-4238.
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Figure 3. Transient absorption data for RuPl showing the excited-
state recovery around 510 nm and the formation and decay of‘theaBlical
around 715 nm. The overlaid line is the transient spectra recorded after
125 ps (excitation at 550 nm, GAI).
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toluene. Time-resolved emission measurements inGGH
showed fast emission quenching{s = 290 ps), although
not as fast as in C4#€N (rems= 240 ps), whereas in toluene, : : ,
the emission was not quenched at all= 1.5 ns for both 500 600 700
Ruc—PI and Ru). The results can be explained from the Wavelength/nm
difference in driving force for the CS reaction as calculated Figure 4. Transient absorption spectra for RRuc—P| pumped at 450
. . . or 550 nm and measured at 0.5, 1.5, 3, and 5 ps after excitation. The induced

from the Rehm-Weller equation (see Experimental Section), - gynamics observed with a 450 nm pump are absent with a 550 nm pump
giving a highly endothermic reaction in tolueneAG°s = (CHoCly).
—0.27 eV).

The calculations further predict a larger driving force for excited-state signal. The amplitude then increases during the
the CR reaction in ChCl, (—AG%g = 1.40 eV) as compared first picoseconds, as observed in similaf'RiRuc" dyads:®
to CH:CN (—AG%g = 1.26 eV), and the Marcus theory thus In analogy with the results for the ReRuc" dyads;® we
predicts CHCI, to be the better solvent with respect to ascribe this process to exchange-energy transfer from the
forming a high transient population of the #l-PI'~ state. ~ Ru to the R unit, resulting in a population of the lowest
Transient absorption experiments of RPI in CH,Cl, gave excited state that is localized toward the Pl acceptor. This is
Ter = 220 ps andr’sr = 64 ps. Figure 3 shows the evidenced by the similarities of the transient absorption
appearance of the CS state in £Hp, in which the Pt spectra for Ra-Ruc—PI (Figure 4) and that for Ru-PlI
radical absorption around 715 nm reached a maximum afterrecorded at picosecond time scales (spectrum not shown).
~125 ps. Around 510 nm, the negative signal from the A single-exponential function with a time constantwefir
ground-state bleach of tHMLCT state is apparent. Witha = 2.1 ps convoluted with a Gaussian function with fwhm
consecutive mechanism, the maximum population of the CS 0f 150 ps gave a good fit to the experimental data at 510
state is 11% in CECN and 18% in CHCl,. These CS  nm, probing the energy-transfer rate (Figure 5a,b).
concentrations are in good agreement with the CS yields In Figure 5c,d, the kinetic traces for RRuc—PI are
obtained from transient absorption data quantified with shown on a longer time scale. The decay of IMLCT
known extinction coefficients. Because the highest transient excited state is probed at 510 nm, whereas the fadical
concentration of the RI'—PI~ state was observed in can be followed at 650 and 715 nm. The Piadical is
CH,Cl,, this solvent was used for further studies on the-Ru formed and decays again with the same kinetics, regardless
Ruc—PI triad. of excitation wavelengthz{er = 180 ps and®er = 90 ps).

Similar to the situation in the Ru-Pl dyad, the Rerbased In summary, the R#Ruc—PI triad functions as a combined
emission in the RaRuc—PI triad is strongly quenched by energy-collection/charge-separation device, and the total
the appended PI acceptor with an excited-state lifetime of absorption cross section for the triad leading to charge
120 ps in CHCl,. Upon excitation at 550 nm, the Runit separation increases with300% compared to the RttPI
is selectively excited, whereas a 450 nm pump excites thedyad lacking the antenna.
Ru and Ry units in a 40:60 ratio. Figure 4 shows the  The maximum concentration of the RuRuc"'—PI*~ CS
transient absorption spectra immediately after excitation of state (~30%) in Ru-Ruc—PI was reached after 125 ps. A
Ru—Ruc—PI at both wavelengths. A relaxé@MLCT excited subsequent excitation of the Ru unit at this time could in
state on the Ryunit is formed on the time scale of the 550 principle result in a second charge-transfer reaction {*Ru
nm excitation pulse (fwhmr 150 fs). When 450 nm  Rud"—PI'"~ — RU"—Ru"—PI), forming a CS state with
excitation is used instead, the initial spectrum is reminiscentas much as 2.12 eV of potential energy stored. As a
of the above but with a lower amplitude of the &MLCT consequence of the increased distance between the charge

Pump
550 nm
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Figure 5. Transient absorption kinetic traces for RRuc—P! in CHCl, pumped at 450 or 550 nm and probed at 510 nm (circles), 650 nm (diamonds),

and 715 nm (squares). The data show how 450 nm excitation initiates energy trassfer (2.1 ps) between the ruthenium units (a and b). For the
electron-transfer reactionfér = 180 ps andi’er = 90 ps), the same dynamics are observed regardless of pump wavelength (c and d).

pair, the fully CS state presumably has a longer lifetime than is that the charge-shift reaction (*RuRuc" —PI'~ — Ru" —

the initial RU'—Ruc" —PI~ state. It would then be possible Ruc"—PI*") is slower than the charge recombination {Ru

to detect this new state by transient absorption techniquesRuc" —PI'~ — Ru'—Ruc"—PI). Alternatively, rapid energy

at times when the primary Ru-Ruc"—PI~ CS state has  transfer from the *Rlito Ru:"" might occur, which would
fully relaxed. The corresponding pumpump—probe ex- presumably be followed by a rapid deactivation of the excited
periment was performed in GBI, with 450 nm excitation Ruc" unit. The Faster energy-transfer rate constant was
and an energy of 2.5 andud for the first and second pulses, estimated to be less than 1 10'° s™* and can thus be
respectively. On the basis of the known extinction coefficient neglected. However, the low energy absorption of'Ru
for the Pt~ radical, it was calculated that ca. 20% of the indicates that Dexter energy transfer is a possible deactivation
complex is excited by the first pulse; this leads to a maximum mechanism following the second excitation. For future design
population of the CS state after 125 ps, which is 6% of the with similar bichromophoric motifs, it will be important to
total irradiated sample. Taking into account the lower laser optimize the initial CS reaction to increase the transient
intensity and the lower extinction coefficient for the'Runit population of the CS state. This would enhance the pos-
compared to the RYl unit, we calculated that a second pulse sibilities of answering the questions regarding the photo-
would (if the mechanism works with 100% yield) convert chemical events induced by the second excitation pulse.
4% of the transiently populated CS state into the secondary )

CS state, Rii—Rud'—PI~. Thus, ca. 0.25% of the initially  Conclusions

irradiated sample could in principle undergo the desired The novel Rg—PIl, Ruu—¢—PI, and R+-Ruc—PI com-
reaction under these experimental conditions. Assuming thatplexes have been synthesized and characterized and their
the fully CS state is formed with this yield, a transient photophysical properties have been investigated in view of
absorption signal higher than 1 1072 absorption units is  photoinduced charge separation. It has been shown that the
expected. This is higher than the noise level that lies below strongly reducing PI radical can be generated from the
0.5 x 1072 absorption units. Unfortunately, no absorption excited state of the cyclometalated /Rehromophore.
signal from the PI radical could be observed at a time scale Comparing the Rg—P1 and Re—¢—PI dyads, we find that
longer than that of the Ru-Ruc"' —PI*~ state. Because of  the oxidative quenching is 2 orders of magnitude faster in
the lack of a unique absorption from the two photon products, the former complex with the shorter methylene link. With

we cannot expect to see them on shorter time scal@8Q Ruc—PlI, the Ry'"'—PI*~ CS state could be detected, which
ps), as they will be masked by the transient absorption was not possible for Ri+-¢—PI because of rapid charge
induced by single-photon excitations. recombination.

The lack of a long-lived Rti—Ruc"—PI*~ signal can have In Ru—Ruc—PI, the corresponding Ru-Ruc"'—PI~ CS

a number of possible explanations. One trivial explanation state is formed independently of the excitation wavelength.
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