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Two electron donor—acceptor triads based on a benzoquinone acceptor linked to a light absorbing [Ru(bpy)s]?*
complex have been synthesized. In triad 6 (denoted Ru"-BQ—-Co"), a [Co(bpy)s]** complex, a potential secondary
acceptor, was linked to the quinone. In the other triad, 8 (denoted PTZ—Ru"-BQ), a phenothiazine donor was
linked to the ruthenium moiety. The corresponding dyads Ru"-BQ (4) and PTZ-Ru" (9) were prepared for comparison.
Upon light excitation in the visible band of the ruthenium moiety, electron transfer to the quinone occurred with a
rate constant ki =5 x 10° s™* (7 = 200 ps) in all the quinone containing complexes. Recombination to the ground
state followed, with a rate constant ky ~ 4.5 x 108 s7* (7, ~ 2.2 ns), for both Ru"-BQ and Ru"-BQ—Co" with no
indication of a charge shift to generate the reduced Co' moiety. In the PTZ-Ru'"-BQ triad, however, the initial
charge separation was followed by a rapid (k > 5 x 10° s1) electron transfer from the phenothiazine moiety to give
the fairly long-lived PTZ**-Ru"-BQ*~ state (r = 80 ns) in unusually high yield for a [Ru(bpy)s]**-based triad
(> 90%), that lies at AG® = 1.32 eV relative to the ground state. Unfortunately, this triad turned out to be rather
photolabile. Interestingly, coupling between the oxidized PTZ** and the BQ*~ moieties seemed to occur. This
discouraged further extension to incorporate more redox active units. Finally, in the dyad PTZ—Ru" a reversible,
near isoergonic electron transfer was observed on excitation. Thus, a quasiequilibrium was established with an
observed time constant of 7 ns, with ca. 82% of the population in the PTZ—*Ru" state and 18% in the PTZ**-
Ru'(bpy*™) state. These states decayed in parallel with an observed lifetime of 90 ns. The initial electron transfer
to form the PTZ**—Ru"(bpy*~) state was thus faster than what would have been inferred from the *Ru" emission
decay (z = 90 ns). This result suggests that reports for related PTZ—Ru" and PTZ—Ru"-acceptor complexes in
the literature might need to be reconsidered.

Introduction (bpy)]?") ideal candidates for the role as photosensitizers
Electron transfer reactions in molecular systems are for artificial photosynthetic systents? We have shown

fundamental components of life processes. One importantPreviously how [Ru(bpy]?* derivatives, upon oxidation by

example is photosynthesis, where sunlight is converted into@n external electron acceptor, can accept electrons from
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aReaction conditions are as follows: (a) LDA, 2 equiv of'4#methyl-2,2-bipyridine, THF,—78 °C (78%); (b) 6 equiv oR, EtOH, reflux (67%); (c)
3 equiv of CAN, HO/CHsCN, room temperature (72%); (d) MeOH, reflux (72%); (e) 3 equiv of CAN, 2 equiv of TSOH, room temperature (68%).

order to increase the reaction control, and also to increasemary charge separation competed with further charge shift

the rate of the primary photooxidation of the [Ru(bg%)

to form the fully charge-separated state. An exception is a

unit, the use of acceptors that are covalently linked to the PTZ—Ru'—DQ complex (PTZ= phenothiazine, DQ=
sensitizer is preferred. A common problem with these kinds diquat) reinvestigated recently where the charge-separated
of chromophore-acceptor dyads is a relatively rapid charge state was formed with ca. 86% efficien®and not 25% as

recombination reactiofr.28 The recombination can often be

slowed by incorporating an intermediate acceptor, forming

originally reported®
In the present study, we use benzoquinone (BQ) as the

a triad complex, thus increasing the distance between theprimary acceptor. Quinones are of interest because of their
charges. A long lifetime of the charge-separated state isrelevance for natural photosynthesis, and they have been

important in order to allow further intermolecular chemical
reactions to compete.

extensively used in electron transfer studies involving
porphyrins and organic donof$. There are also a few

Several systems based on the more chlorophyll-like examples where they are linked to [Ru(bg).*-*21" & rom

porphyrins have been successful in this respétilt is
difficult, however, to obtain an oxidation potential for a
porphyrin as high as that for [Ru(bp})", which is important

a synthetic point of view, quinones are highly attractive,
because they are noncharged species, and are easily func-
tionalized, offering a wide range of redox potentials. For the

for, e.g., water oxidation, and still maintain the necessary secondary acceptor, we chose [Co(bp¥) This complex

photophysical properties and the synthetic feasibflity.
For triads based on [Ru(bp§j", the reported formation

has a suitable redox potential for conversion into [Co(Epy)

which is known to reduce substrates such as GOH™.1°

yield of the charge-separated state has been moderatd number of RU—Co" linked complexes have previously

(=0.4) 10715 presumably because recombination of the pri-

(5) Sun, L.; Hammarstro, L.; Akermark, B.; Styring, SChem. Soc. Re
2001, 30, 36—49.
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(12) Mecklenburg, S. L.; McCafferty, D. G.; Schoonover, J. R.; Peek, B.
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aReaction conditions are as follows: (a) DMF, reflux; (b) ca. 6 equiv
of 5, EtOH, reflux (ca. 10%); (c) (1) 4,4dimethyl-2,2-bipyridine, DMF,
120°C; (2) PTZdmb, EtOH, reflux (21%).

any formation of reduced Gaince the back electron transfer
from reduced quinone to the Rwnit was too fast. To solve
this problem, PTZRU'—BQ triad 8 (Scheme 2) was

binuclear complexes, bridged by a redox-active quinone.
Reaction of4 with 1 equiv of [Co(bpy)Cl;]CI-5H,O gave
the dinuclear triad RtU—-BQ—Cd" (6).

In order to increase the lifetime of the charge-separated
state, we also synthesized PFRU'—BQ triad 8, which
contains a linked phenothiazine donor (Scheme 2). The
reaction between Ru(Z;bpy)(DMSO)CI,** and 10-((4
methyl-2,2-bipyridine-4-yl)methyl)phenothiazine (PTZd-
mb)4.25 gave complex’ and Ru(PTZdmbLl, in a ratio of
ca. 3.5:1, indicating that some ligand scrambling had
occurred during the reaction. The reaction of an excess of
ligand 5 with 7 gave the mononuclear triad PFRU'-BQ
(8) in low yield. It should be stressed that care was taken to
avoid light as much as possible during synthesis and
purification. Because of the lability of tria8, we were not
able to prepare the PFZRU'-BQ—C0d" tetrad.

The tris-heteroleptic PTZRuU' complex 9 was also
synthesized (Scheme 2) as a model for the PRd" unit
in PTZ-RuU'-BQ (8). This complex was chosen instead
of the alternative bis-heteroleptic complexes [Ru(dmb)
(PTZdmb)f" or [Ru(bpyy(PTZdmb)f" for which photo-
physical data were given by Meyer and co-workérs,in
order to obtain more similar properties of the'Rnoiety in
the dyad and the triad. The stepwise addition of the three
bipyridines starting from Ru(DMSGQCI, gave the desired
complex in low yield. All ruthenium complexes were isolated
as Pk~ salts.

synthesized, to which the electron donor phenothiazine is The use of nonsymmetrical bidentate ligands necessarily
attached. This substantially increased the charge separatiorpe(,idS to a mixture of different geometrical isom&The

lifetime. Stability problems, however, discouraged us from
attempting the preparation of the tetrad PIRU'-BQ—
Cd". Finally, in the model dyad PTZRuU" (9) (Scheme 2)
we observed a rapid formatiom.fs = 7 ns) of the charge
transfer state PTZ—Ru'(bpy ), in a quasiequilibrium with
the PTZ-*Ru'" excited state. The near isoergonic charge

separation was more rapid than what was indicated by the

observed emission decay. This is important for a correct
analysis of the reaction sequence in the PRII'-BQ triad

8, viz. if the primary charge separation is oxidative quenching
by the quinone, or reductive quenching by the phenothiazine.

Results

Synthesis.The synthetic routes for the preparation of the
RuU'-BQ dyad 4 and the RU—BQ—-Co" triad 6 are
described in Scheme 1. Compoutid was allowed to react
with 2 equiv of deprotonated 4:dlimethyl-2,2-bipyridine
(dmb) in THF to give the symmetrical bis-bipyridine ligand
2. Reaction ofcis-Ru(bpy}Cl,*2H,0 with an excess o
gave the mononuclear compl8xwhich was oxidized with
CéV to give RU—BQ (4). Alternatively, quinoné was first
prepared fron® by reaction with C¥ in the presence of 2
equiv of strong acid and then withs-Ru(bpy}Cl,-2H,0 to
give 4. This dyad is a potential precursor to a multitude of

tris-heteroleptic complexes PFRU'-BQ (8) and PTZ-

Ru' (9) can exist in four and two geometrical forms,
respectively. The complexes were isolated as an approxi-
mately statistical mixture of isomers, as suggested by NMR
(see Supporting Information).

Electrochemical Data.The redox properties of the dyad
and triad complexes in dry acetonitrile were studied by cyclic
voltammetry (CV) and differential pulse voltammetry (DPV).
The electrochemical data are collected in Table 1. Half-wave
potentials E;;) were determined by cyclic voltammetry as
the average of anodic and cathodic peak potenti&ls €
(Epa + Epo)/2). Adsorption spikes were observed in the
voltammograms of RU-BQ (4), PTZ-RuU'-BQ (8), and
Ru'-BQ—Cd" (6) after reduction to neutral or negative
overall charge. Where CV waves were perturbed by these
effects, half-wave potentials were determined from DPV peak
potentials. The assignments given in Table 1 are based on
comparison with data obtained for the model compounds
[Ru(bpyX]?*, [Co(bpy)]®*, p-benzoquinone (BQ), antl-
methylphenothiazine (MePTZ) obtained under the same
conditions.

For RU'-BQ—C0d", two reductions aE;, = —0.105 V
andE;, = —1.340 V were observed that can be attributed
to the metal-based reductions of the [Co(kpy) moiety

(22) Song, X.; Lei, Y.; Van Wallendal, S.; Perkovic, M. W.; Jackman, D.
C.; Endicott, J. F.; Rillema, D. Rl. Phys. Chem1993 97, 3225~
3236.

(23) Moran, V. J.; Schreiber, E. C.; Engel, E.; Behn, D. C.; Yamins, J. L.
J. Am. Chem. S0d.952 74, 127-129.

(24) Evans, I. P.; Spencer, A.; Wilkinson, G.Chem. Soc., Dalton Trans.
1973 204-209.

(25) Gould, S.; Strouse, G. F.; Meyer. T. J.; Sullivan, Blrfdrg. Chem.
1991, 30, 2942-2949.

(26) Keene, F. RCoord. Chem. Re 1997 166, 121—159.
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Table 1. Electrochemical Data for Complexes and Model Compounds
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E]_/zb/V (AEpC/mV)

complex [Ru(bpy)]2* BQ/BQ* [Co(bpy)]Z+ BQ/BQ~ [Co(bpy)]3*2+ PTZIPTZ [Ru(bpy}]3+/2+
RU—BQ (4) —1.735 (131) —1.560 (131) —0.930 (89) 0.845 (89)
RU'-BQ-Cd" (6)  —1.730 (9) ~ —1.58 (—9) —-1.340(89) —0.870(%  —0.105 (114) 0.837 (65)
PTZ-RU'—-BQ (8)  —1.785 () —1.600 (9) —0.930 (76) 0.390+4) 0.810 (88)
PTZ—RU' (9) ~1.770 (10) 0.400 (86) 0.815 (102)
[Ru(bpy)]?" —1.725 (69 0.880 (79
p-BQ —1.630 (88) —0.905 (80)
MePTZ 0.315 (141)
[Co(bpy)]3* ~1.370 (79) —0.080 (93)

a2Jonic complexes as RF salts.? In CHiCN, 0.1 M (-C4Hg)4N(PFs) vs Fc/Fc.©v = 0.1 V s'L dirreversible CV wave or ill-defined reverse peak.
Potential from DPV peak potentiéiNo CV peak. Very weak DPV peaky = 0.05 V s,

a ——
A
20 pA
b —>
-

-1.0 -0.5 0.0 0.5 1.0
E IV vs FelFc"
Figure 1. Cyclic voltammograms of PTZRuU' (1 mM, a) and PTZ

RuU'-BQ (1 mM, b,c) in acetonitrile with 0.1 M N¢CsHo)sPF as
supporting electrolyte. Scan rates: 0.1V ¢a,b) al 1 V s7* (c). Dashed
arrows (c) indicate changes upon repeated cycling (scaiT3.1

(Co" — Cd' — Cd). Under the same conditions, the 'Co
state of the model complex [Co(bp}A" partly dispropor-
tionated already on the voltammetry time scale, and coulo-
metrically, the reduction appeared to be a two-electron
process on the time scale of bulk electrolysis'(Ce Co

— Cd). For the triad RU—BQ—Ca", however, voltammetric
peak heights indicated that both reductions of the [Co-
(bpy)]®" moiety are one-electron processes, i.e., that dis-
proportionation of Cbdid not occur on the voltammetry time
scale.

For the model compound MePTZ, the first oxidation (PTZ
— PTZ") is a reversible process, while further oxidation
(PTZ+ — PTZ) is irreversible. For the triad PTZRuU'—

BQ, however, the first oxidation of the PTZ moiety appears

to be irreversible under the same conditions (Figure 1b). The

voltammogram of the dyad PTZRU" (9) that lacks the BQ
moiety shows a reversible wave attributable to the PTZ

5176 Inorganic Chemistry, Vol. 42, No. 17, 2003
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Figure 2. Summary of the reaction pathways and kinetics for the

photoinduced electron transfers in PTRU'-BQ. AG® for formation of
the excited state was calculated from the 77 K emission maximum, which
is close to theEqg value?®

PTZ couple (Figure 1a), suggesting that the irreversibility
of the PTZ oxidation in PTZRU'—BQ arises from interac-
tion of the PTZ cation radical with the BQ moiety. Further
evidence for a reaction between PTZnd the BQ moiety

in PTZ—RU'-BQ comes from the set of subsequent CVs
shown in Figure 1c. The initial scan shows the unperturbed,
reversible wave of the BQ/BQ couple followed by the
irreversible oxidation of PTZ. Subsequent scans over the
same potential range show additional cathodic and anodic
peaks that grow in at the expense of the BQ and PTZ peaks
as indicated by the arrows in Figure 1c. When repeated scans
were made over only the BQ/BQwave (from—0.20 to
—1.20 V), the peak height did not decrease, and no additional
peaks appeared, showing that B@s not reactive toward
the neutral PTZ. Rather, it is PTZthat seems to react with
the BQ moiety in PTZRuU'-BQ, thereby inducing the
changes shown in Figure %t.

The electrochemical data were used to calculate the free
energies for the different charge-separated states relative to
the ground state (see Figure 2):

AG® = E, (donof™) — E, (acceptot™ ) (1)
(neglecting the relatively small work term). The excited state
energy was calculated from the low-temperature emission
data (see later).

Absorption Spectra. The UV—vis absorption maxima for
the complexes are given in Table 2. The spectra df-Ru
BQ (4), RU'-BQ-Cd" (6), and PTZRuU'-BQ (8) are
shown in Figure 3. The spectra in the visible region are
dominated by d— z* MLCT bands of the ruthenium moiety

(27) The stability of electrochemically prepared MePTi&as not affected
by the presence of BQ, and no reaction products could be detected
voltametrically.



Electron Donor—Acceptor Dyads and Triads

Table 2. Absorption and Luminescence Data of Complexes irsCHl

absorptionmax [nm] emissioNmad

compler (e x 10*[M~tcmY)) [nM] (pem,re)®
RU'—BQ (4) 454 (1.2), 288 (8.1), 250 (4.1) 5840.01)
RU'-BQ-Cd" (6) 454 (1.2), 314 (sh, 3.2), 288 (8.5), 584 (<0.01)

240 (sh, 7.1), 210 (sh, 10.2)

PTZ-RU'-BQ (8)° 459 (1.5), 286 (8.5), 251 (7.6) 589:0.01)

PTZ-RU' (9) 458 (1.5), 288 (8.5), 253 (5.8) 589 (0.10)

[Ru(bpy)]2* © 451 (1.4), 288 (7.9), 254 (sh, 2.1), 582 (1.0)
244 (2.4)

[Co(bpy)]3* 318 (sh, 2.6), 308 (3.0), 222 (7.8)

aPRs~ as counterions? Normalized at MLCT band 09. ¢ Anderson et
al2® dRecorded at 77 K. The value is close to the value obtained from a
spectral fit as shown before for similar comple®es® Relative emissions
as compared to [Ru(bpyf*. gems= 0.059 for [Ru(bpyj]?+.2

1et+5

e/Mcm'’

4

300 400 600 700 800

500

A/nm

Figure 3. UV —vis absorption spectra of ReBQ (—), PTZ-Ru'-BQ
(---), and RU—BQ—Ca" (-++-) in CHsCN.

and in the UV region by ligand-centerad— z* transitions?
This allowed selective excitation of the complexes in the
400-500 nm region. The additional 4;dimethyl-2,2-bpy
ligand in PTZ-RU' (9) and PTZRu'—BQ red-shifted the
MLCT band by a few nanometers and increased the
extinction coefficient somewhat (Table 2). The presence of
PTZ, Cd", or BQ moieties gave rise to additional UV bands.

0,01

=)
W
1

Aabs (a.u.)

-1,0 1

0

1500 3000
T

1000

T
500
time (ps)

Figure 4. Transient absorption kinetic traces of'RtBQ (@) and PTZ-
RuU'-BQ (O) probed at 450 nm. The dashed (- - -) and sotig {ines in

the main figure are double and single exponential fits to the data. The inset
shows transient absorption changes at 450 nm fé—mBQ followed on a
longer time scale. The line is a double exponential fit to the data.

agreement with the transient absorption data described in a
following paragraph. The data for RuBQ—Cd" (6) were
essentially identical to those for RuBQ.

For PTZ-RU'-BQ (8), the emission intensity was as
small as that for RU—-BQ. For PTZ-Ru'—BQ, however, a
weak ruthenium-based emission was detected in the time-
resolved measurements, with a lifetime of 65 ns. This
emission component increased in magnitude when the
complex was exposed to an increasing number of laser
flashes.

In both of the PTZ-containing complexes PTRU'—BQ
and PTZ-RU', a new short-lived €10 ns) emission, centered
around 530 nm, grew in with increasing number of flashes
given to the sample. Because the complexes were sensitive
to light, all measurements were performed in the dark, and
the data presented is for freshly prepared samples exposed
to a minimum number of excitation flashes.

Transient Absorption Measurements.The light-induced
reactions in the dyads and the triads were investigated by

All electronic absorption spectra can be described as the sumyansjent absorption changes following excitation with 150
of the component spectra, indicating that the intercomponent; pulses at either 400 or 480 nm. For time scales above 5

interaction is weak.

Emission Measurements.The emission spectra for the
triads and dyads both in butyronitrile at 77 K and in
acetonitrile at room temperature, were typical for 4. CT
excited state of [Ru(bpy]?*-type complexes (Table 28
The intensity of the room-temperature emission was greatly
reduced in the dyads and the triads compared to [Ru{3py)
indicating a fast quenching of the ruthenium-baetlCT

excited state by both the appended phenothiazine and

benzoquinone units. In PFZRU' (9), the emission intensity
was reduced to 10% of that for [Ru(bg}p". Time-resolved

measurements showed a single exponential emission deca)é

with a lifetime of 90 ns, which is only 10% of that for [Ru-
(bpy)]?". In RU'—BQ (4), the emission intensity was reduced
to <1% of that for [Ru(bpyj]?>*. No time-resolved emission

could be seen on the time scale of nanosecond flash

photolysis, suggesting a lifetime< 10 ns. This is in

(28) Hager, C. D.; Croshy, G. Al. Am. Chem. Sod975 97, 7031~
7037.

ns, a flash photolysis setup was used withO ns excitation
flashes at 460 nm.

Ru"—BQ (4). The excited state of Ru-BQ decayed with
a lifetime of ca. 200 ps, as shown by the decay of the
transient absorption at 370 nm (not shown) and the recovery
of the bleach at 450 nm (Figure 4). At 450 nm, the transient
signal from the ruthenium moiety resulted in a similar bleach
for both the excited and the oxidized states. However, the
quinone radical absorption around 450 nm compensated for
that in the Rl —BQ*~ state, resulting in very small net
bleach. A double exponential fit to the trace at 450 nm gave
= 200 ps for the first exponent and~ 2.2 ns for the
second. A fit to the data at 370 nm gave a similar result.
The first exponent is attributed to electron transfer from
excited ruthenium to the benzoquinone, and the second
exponent is attributed to the recombination reaction to the
ground state.

Ru"—BQ—-Cd" (6). The transient absorption results for
RuU'-BQ—Cd" (not shown) were identical to those for'Ru

Inorganic Chemistry, Vol. 42, No. 17, 2003 5177
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1,0 9
0.004
0.02 0.002 0,8
0.000
| o 0.6
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< 0.00 + p— 2 0,47
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<
< 0,2
-0,02 - a 0.0 deg> 0 2500 5000
0 500 1000
L L time (ps)
Figure 6. Transient absorption traces probed at 510 nm for PR@A'—

0.10 1 BQ (0) and PTZRU' (inset,0), following excitation with a 150 fs pulse.
The dashed (- - -) and solid~) lines in the main figure are double and
single exponential fits to the data.

0.05 . . . .

M~% cm 1) give significant absorption at this wavelength.
2 In Figure 5a, the evolution of the transient absorption
3 0.00 spectrum is shown on a shorter time scale. At 4 ps after
excitation with a 150 fs laser pulse, the spectrum is consistent
with the excited state, while the spectrum at 4 ns shows an
-0.05 - increased absorption above 480 nm. The inset shows the

400 500 difference spectrum when the excited state features have been
wavelength (nm) subtracted from the spectrum at 4 ns. The difference spectrum

Figure 5. Transient absorption spectrum of PFRU' following excitation can be attributed to the PTZ-Ru'(bpy ) charge transfer
with a 150 fs (a) or ca. 5 ns (b) laser pulse.f(@ 4 ps and 4 ns. The inset  state, with significant contribution from both the reduced

shows the absorption spectrum of the charge transfer state™PRz'- ; - . L
(bpy ) after 4 ns (see text). (=40, 120, and 360 ns, Inset shows kinetic .ruthen.|um and t.he oxidized PTZ m0|.et|es. The kinetic tra}ce
traces at 370, 460, and 510 nm. in the inset of Figure 6 shows the build up of the absorption

at 510 nm, that is followed to the end of the optical delay
line of the pump-probe setup. The rise could not be followed
to completion with this method, but no rise in the 510 nm
absorption could be observed with nanosecond flash pho-
tolysis (ca. 16-15 ns detection limit). A single exponential
fit to the trace in the inset of Figure 6 gave a lifetime of 7
ns for the absorption rise, which is consistent also with the
dnanosecond data. This shows that a partial charge separation
in the excited PTZRU' is established with a time constant
of ca. 7 ns. From the differential extinction coefficients at
370 and 510 nm for the different states, we could calculate
that the fraction of charge transfer state after 40 ns (Figure
5b) was 18%. The transient absorption shown in Figure 5b,
as well as the emission, showed a single exponential decay
with 7 = 90 ns at all wavelengths 3600 nm. This
suggests that a quasiequilibrium was established between the
excited and charge transfer states, and that these states
decayed to the ground state with a common 90 ns overall
(29) Anderson, P. A.; Deacon, G. B.; Haarmann, K. H.; Keene, F. R; time constant (see Discussion section).
Nécy:?;r%fégaﬁfy'fsf‘i’.;Dwﬁiif'f.'m’o?g.\A(':'Efﬁﬁug%eé §4’Fé;1129ma5’ When the experiments were performed in the more polar
6157. solvent formamide, the fraction of charge transfer in the
(30) (@) Caspar, J. V.; Meyer, T. [horg. Chem.1983 22, 2444-2453.  q)asjequilibrium was 27% instead of 18%. This may be

(b) Hammarstim, L.; Barigelletti, F.; Flamigni, L.; Indelli, M. T.; . .
Armaroli, N.; Calogero, G.; Guardigli, M.; Sour, A.; Collin, J.-P.; €xpected, as charge-separated states are in general stabilized

BQ, within experimental error, and we were not able to detect
any long-lived transient from the Ru-BQ-Co' state,
neither on the picosecond time scale in the pupmbe
experiments nor with nanosecond flash photolysis.
PTZ—Ru" (9). In Figure 5b, the transient absorption
spectrum for PTZRU' is shown at 40, 120, and 360 ns after
a laser flash. The spectrum is very similar to that of the'*Ru
excited state, which displays a ground state bleaching aroun
452 nm Qegs;= —1.0 x 10* M~1 cm )2 and an absorption
from the reduced bpy ligand in the>MLCT state (formally
RuU" (bpy~)(bpy)) with a maximum at 370 nMAez70= 2.0
x 10* M~ cm1).3! However, the absorption around 510
nm is significantly larger than expected for the excited state
alone QAesio < 500 Mt cm1).3! Instead, it seems that the
spectra reflect a mixture of the excited and charge transfer
states, since both the reduced'Rapy ) (bpy) (Aesio= 1.0
x 10* Mt cm )32 and oxidized PTZ (Aesio= 5.0 x 10°

Sauvage, J.-R. Phys. Chem. A997 101, 9061-9069. (c) Treadway, _in polar media. The transient absorption and emission decay
J. A,; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R.; Meyer, T. s .
J.Inorg. Chem.1996 35, 2242-2246. were still single exponential, but somewhat faster~ 60

(31) Yoshimura, A.; Hoffman, M.; Sun, HI. Photochem. Photobiol., A ns) than in acetonitrile.
1993 70, 29-33.

(32) (a) Mulazzani, Q. G.; Emmi, S.; Fuochi, P. G.; Hoffman, M. Z.;
Venturi, M. J. Am. Chem. Sod.978 100, 981-983. (b) Anderson, (33) (a) Alkaitis, S. A.; Beck, G.; Giael, M.J. Am. Chem. Sod975 97,
C. P.; Salmon, D. J.; Meyer, T. J.; Young, R. £.Am. Chem. Soc. 523-29. (b) Shine, H. J.; March, E. H. Org. Chem1965 30, 2130~
1977, 99, 1980-1982. 2139.
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shown), which monitors the decay of the *Rexcited state.
Thus, the oxidized PTZ radical is formed with the same
kinetics (within the experimental error) as that for both the
0,00 - *Ru" excited state decay and for the 'Rground state

0,01

;; recovery. The transient absorption spectrum thus produced
2 001 a decays on a much slower (ns) time scale, due to recombina-
3 tion to the ground state (Figure 7b). The decay kinetics was

the same at all wavelengths and could be fitted with a single
0,02 1 exponential function with a lifetime of 80 ns.
Experiments were performed to rule out possible effects
, of two-photon excitations (e.g., the BQspecies, which is
formed within the duration of the excitation pulse in the
nanosecond experiments, absorbs at the excitation wave-
length). The excitation light was varied about an order of
magnitude, and the signal magnitudes were compared for
b the triad and an isoabsorptive sample of [Ru(k3y) The
variation in the transient absorption amplitude was the same
/\ for both samples, showing that successive absorption of more
than one photon by one triad molecule was not significant.
As in the described emission experiments, the transient
\/-/\—\ absorption experiments indicate that PTRU'—BQ is very
= - photolabile. The absorption intensity at 370 nm after 20 ns
400 500 (that is mainly from the excited state, see Discussion) grows
wavelength (nm) with an increased number of laser flashes, in parallel to the

Figure 7. Transient absorption spectra of PTRU'-BQ following increase in peak emission intensity. This effect is not seen
excitation with a 150 fs (a) or ca. 5 ns (b) laser pulset )4, 100, 400, at 510 nm
and 1000 ps. (b) = 22, 50, 150, and 250 ns. ’

0,08

Aabs (a.u.)

0,04

0,00

. . Discussion
PTZ—Ru"—-BQ (8). Figure 7a shows the transient ab-

sorption spectrum for PTZRU'—BQ on the picosecond time Our complexes were designed to perform efficient electron
scale. The initial ruthenium excited state features, with a transfer from the optically induced excited state of the [Ru-
strong ground state bleach around 450 nm, quickly disappear (PPy)]** chromophore. The Ru-BQ (4) and PTZ-Ru' (9)
Concomitantly, a build up of absorption around 510 nm is dyads serve as references for the interpretation of the results
seen that can be attributed to the PTdical, presumably ~ for the PTZ-Ru'—BQ (8) and R—BQ—C0d" (6) triads.

in the fully charge-separated state PTZRU'—BQ~. In Ru"—BQ. In RU'-BQ, the forward electron transfer
Figure 7b, the transient spectra on the nanosecond time scaléaction from the excited ruthenium moiety

are shown. Also, a strong absorption from PTZround 510 . K

nm is seen here, as well as a prominent absorption at 370 ns RU'-BQ—RU"-BQ"~ — RU'-BQ 2)

from the PTZ*Ru"—BQ excited state (see Discussion

section). The expected positive differential absorption around occurred with a time constant of ca. 200 s+ 5 x 10°

450 nm from the reduced BQ(Aesso = 7000 M1 cm1)34 s™1). The subsequent back reaction to regenerate the ground
is not seen in either of the spectra. The results suggest thastate was slowerkg ~ 4.5 x 10° s™). This is in fair
there is a bleaching around 450 nm from a long-lived fraction agreement with a previous repétt.

of the *RU' excited state that masks the BQabsorption Ru"'—BQ—Co" . Although the charge shift reaction (eq
from the charge-separated state in the intact triads (see3) from the doubletBQ~ to the ground state quartefT)
Discussion section). Cd' is spin forbidden, generation of the excited doubiE) (

The kinetic traces for PTZRU'—BQ at 450 and 510 nm  CO' is spin allowed.

are displayed in Figures 4 and 6. The build up of absorption K,

at 510 nm follows very similar kinetics as the bleach recovery RU"-BQ—cd" —Ru"-BQ-C0" ©)

at 450 nm. A single exponential fit to the trace at 450 nm ]

gave a lifetimey = 210 ps. With a double exponential fit The ’E state is ca. 0.18 eV above the ground sfaté®

(1 ~ 50 ps (40%),r, ~ 300 ps (60%)), a better residual which would giveAG® = —0.58 eV fo_r electron transfer to

was obtained, but the average lifetime was simitagerage generate théE state. Thus, the _reductlon_of the'Coomplex

= 200 ps. At 510 nm, the kinetic trace was fitted with= via the’E state, follpwed by spin relaxation to th‘Eground

180 ps (1 €xp) aNdayerage= 180 ps (2 exp). A similar value state, could be rapid, as_has been ob;erved for direct electron

was obtained for the decay of the 370 nm absorption (not fransfer from *Rd to Cd" in covalently linked complexe.
Since the transient signals from 'ReBQ—Cd" and Ru—

(34) Darwent, J. R.; Kalyanasundaram,X.Chem. Soc., Faraday Trans. BQ were identical, app'arently the Chqrge_Shift reaf:tion was
21981, 77, 373-382. not able to compete with the recombination reactikon~¢
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Scheme 3 the decay occurs via the charge-separated state. This cor-
relates well with calculations based on the kinetic data: the
Ru*1 —— [CS amount of the quasiequilibrium population decayingksa
[ ] k, [CS] and kcr is proportional tokg,[RU*] and kcg[CS], respec-
Kpys l l kCR tively. Thus, about 8% of the excited state decay proceeded

via the intrinsic pathway and 92% via the charge transfer
state PTZ"—Ru'(bpy "), in good agreement with the steady

4.5x 10 s, eq 2). We thus estimate an upper limit for the  gi40 emission quenching results.

; ; V o1
charge sh|f|tl rate constant T eq 3kg < 5 x 10 S ' Due to the quasiequilibrium, the time constant for reduc-
PTZ—Ru". The PTZ-Ru' dyad was synthesized and e quenching of PTZRU' is much smaller than the =

investigated in detail as a model system to understand thegq 115 value one would obtain directly from the decay of the

reaF:t|ons in the PT,ZRU{I_BQ triad. .The.refore, the 'F@u excited state emission or absorption features. Thus, the time
moiety of PTZ-RU" is tris-heteroleptic with two 44bis-  ongtant for the reductive quenching step is actually 40 ns.
alkyl substituted bipyridine ligands and one unsubstituted However, the excited state decay is only dependent on the
ligand, in order to closely match the properties of the PTZ 4 |4tive magnitude of the rate constaktndk, (Scheme

RuU' unit in the triad. Both the emission and the transient 3), and on the decay constarks: and kay-, but it is not
absorption spectra in the dyad decay(_ad with a 90 ns lifetime, dependent on the absolute valueaindk,. Thus, the error
and the spectra showed features mainly of the excited state;, estimatingk; if the quasiequilibrium is ignored can in

Thus, one may at first believe that the 90 ns time constantgenera| be much larger than in the present case. It is

reflects the initial charge separat_ion, generating the‘PTZ interesting therefore to compare our data with data for the
and the reduced R(bpy~) moieties. The recombination gjmjjar PTZ-RU' complexes previously presented in the
reaction to the ground state would then have to be much |iiarature. For example, in [Ru(dm@PTZdmb)E* 15 and

faster, so that the charge transfer state ﬁ‘r’Ru”(bpy'*)'  [RU'(bpy)(PTZdmb)* 11 the driving force for reductive
is never detected. In contrast, our data show that the initial quenching is smallXG° ~ +0.1 and—0.1 eV, respec-

electron transfer is much faster than the 90 ns suggests, angyq|) 35 The rate constants for reductive quenching were
that a quasiequilibrium is established between the excited o5 ated directly from the excited state decay kinetics. For
and the charge transfer states (Scheme 3). [Ru(dmby(PTZdmb)F", the rate was estimated to ca.x4
That this is the case is quite clear from the absorption rise 1f s~ from luminescence guenching data, and for |[Ru
at 510 nm withe = 7 ns (Figure 6), where the charge transfer (bpy),(PTZdmb)f", the rate was reported to be2.8 x 108
state absorbs, and the fact that the resulting transient spectrung-1. The driving force in the present PFRU' is intermedi-
deviates from that for the pure excited state (compare the agte between these two cases. It is quite possible that the
spectra after 4 ps and 4 ns in Figure 5a). Once the excited state decay follows a quasiequilibrium between the
quasiequilibrium is established, 82% of the population is in excited and charge transfer states in all these complexes in
the excited state PTZ*Ru'" and 18% is in the charge transfer  which the driving force is close to zero. In that case, a change
state PTZ—Ru'(bpy~). Assuming a Boltzmann distribu-  jn AG® from +0.1 to —0.1 eV would change the relative
tion, these values suggest a reaction free en&f@y= 0.044  population in the quasiequilibrium from about 1% to about
eV for the initial electron transfer. This is in good agreement ggoy charge transfer. Given the approximate valueS®f,
with the electrochemical results that sugga&® = 0.070  this would be in agreement with the reported rate differences.
eV. The quasiequilibrium is maintained throughout the decay |n a different study, Elliott and co-workers reported electron
to the grOUnd State, as shown by the fact that the tranSienttransfer rates in a series of PFRU' dyads with a range of
absorption spectrum keeps the same shape and decays withriving forces and used a Marcus-type free-energy relation-
the same kinetics at all wavelengths on ##20 ns time scale.  ship analysig® The rate constants were derived directly from
The observed 90 ns decay reflects the simultaneous decayhe observed excited state decay kinetics, and the possibility
of the excited and Charge transfer states via the two differentof a quasiequi“brium was not considered. Particu|ar|y for
routes available: charge recombinatid@q] and intrinsic  the endoergonic and weakly exoergonic reactions, the
excited state deactivatiork{-). From our data, we could  discrepancy between the rate constants for the observed
calculate the individual rate constants in Scheme 3 (Seeemission decay and the actual Charge Separation Step could
Supporting Information). Thus, we obtainkd= 2.5 x 107 be significant.

s tandk, = 6.8 x 10" s~ for the initial charge transfer and PTZ—Ru'—BQ. The ground state bleach at 450 nm
the reverse reaction. For the recombination reaction and the(Figure 7a) is characteristic for the excited, oxidized, and

irltlrinsic exciied state dec_a;y, we obFairieﬁlz =57x 10 reduced ruthenium moiety. Thus, the bleach recovery can
standkgy = 1.1 x 10° s71, respectively. be attributed to repopulation of the Rground state of PTZ

Although the quasiequilibrium was at all times shifted to Ry'—BQ, in combination with an increased absorption due
the intrinsically more long-lived excited state, most of the
excited state decay occurred via recombination of the more 35y NoAG® value was given in ref 11. The value we report is our estimate
short-lived charge transfer state. The steady state emission  based on data for substituent effects on [Ru(l8y)excited state
quenching results gave a 10% emission yield for the PTZ 54 f_gf;%fyss""."ﬁf%ﬁﬁ’éﬁ‘?’ﬂflf{eﬁgrgZlgmorg. Chem.1996 35,

RuU' dyad relative to [Ru(bpy)?*, suggesting that 90% of 2070-2076.
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to formation of the reduced BQ The increase in absorption longer functional. Because the charge-separated state is a
at 510 nm in the same figure is due to the formation of the diradical, it seems reasonable to assume that it can undergo
PTZ™. The 450 nm recovery and the 510 nm increase follow coupling between PTZ and BQ™ to a PTZ-hydroquinone
the same kinetics (compare traces in Figures 4 and 6) withspecies which would have similar photophysical properties
a lifetime of ca. 200 ps. The decay of the 370 nm absorption as the simple PTZRU' dyad, in accordance with experi-
from the *RU' excited state follows similar kinetics. Con- mental results. This assumption is supported by the fact that,
sequently, the formation of the fully charge-separated statein an irradiated sample, the NMR shows shifts toward higher
from the excited state occurs with a lifetime of 200 ks field of some of the quinone protons around 6.5 ppm as well
5 x 10° s'). There are two plausible pathways for this as changes in the signals of the PTZ-methylene protons at
reaction: either via initial oxidative quenching of the *Ru 5.3 ppm. The electrochemical data also suggest a possible
state by the BQ moiety (eq 4), or via initial reductive reaction between a PTZradical and a neutral benzoquinone
quenching by PTZ (eq 5). on different triad molecules. This new species was formed
" m . in light reactions but was present to a level of ca. 10% already
PTZ—"Ru"—~BQ—PTZ-Ru"~BQ I in the first flash of a sample prepared in the dark. It is
PTZ"—Ru'-BQ" (4) possible that some photodegradation of the triad occurred
oA - N RA already during synthesis and workup, although care was taken
PTZ=*Ru’=BQ—PTZ"~Ru'(bpy ) +BQ . - to exclude light. On the basis of differential extinction
PTZ"—RU'—BQ" (5) coefficients, we estimate that the lower spectrum in Figure
None of the intermediate states could be detected, showing7b is composed of70% PTZ"—Ru'-BQ"~ and~30% of
that the observed lifetime is that for the rate determining the *Ru' excited state of this light-generated impurity.
first reaction step, while the subsequent charge shift must In both the PTZ containing complexes, we also observed
be much more rapid. The results for the model dyad PTZ a short-lived ¢ < 20 ns) emission around 530 nm in the
Ru' show that the reductive quenching is too sldyw= 2.5 nanosecond flash photolysis experiments, that grew in
x 10" s71) to explain the kinetics of the triad. Instead, the intensity with increasing number of laser flashes. This
oxidative guenching kinetics in Ru-BQ is in excellent emission was also seen in the steady state emission spectra
agreement with the triad kineticg (= 5 x 1®° s%). We of the flashed samples. We have previously seen a similar
therefore conclude that the charge separation in-PR#' — behavior when we photooxidized the nitrogen of bispicene
BQ occurs via initial oxidative quenching by the quinone in a RU'—bispicene compleX’ We therefore attribute the
(eq 4), and that the subsequent charge shift, moving the530 nm emission to an oxidation product of PTZ. We do
oxidative equivalent from R{ito PTZ, occurs with a rate  not know the mechanisms behind these decomposition
constant-5 x 10° s, The noticeable deviation from single reactions.
exponential kinetics (Figures 4 and 6) could possibly be  From the kinetics in Figure 2, the formation quantum yield
ascribed to the expected presence of four different isomersof the charge-separated state PTZRU'—BQ"~ in the intact
of the triad, that may have somewhat different properties triads can be calculated t890%, which is very high. This
(e.g., cis-/trans-effects of substituents). Meyer and co-workersvalue is in agreement with the maximum transient absorption
have reported some differences in the recombination kineticsfrom PTZ* (Figure 7b) that corresponds to ca. 70% of the
between isomers of related triattsWe noted no deviation initial *Ru" concentration. With the estimated ca. 30%
from single exponential kinetics in the recombination reac- photodegradation in the spectra of Figure 7b, this suggests
tion, however. The decay of the transient spectrum representsa charge separation yield of ca. 100% in the intact triad. We
the recombination of the charge-separated state, with anote that, in related PTZRu'—acceptor triads, the reported
lifetime of 80 ns k = 1.25 x 10" s%). A reaction scheme  charge separation yields have in general not exceeded ca.
for PTZ—RuU'—BQ is presented in Figure 2 where all the 40%, so in that respect the present triad is performing much
electron transfer rate constants are summarized. The recombetter. Although the kinetics of the charge separation steps
bination rate constants for the intermediates are assumed tavas not always resolved in the previous studies, it seems
be the same as for the corresponding reactions in the dyadsthe losses in yield were due to a slow secondary electron
The transient absorption spectra for the triad also contain transfer, from PTZ to RU, that did not compete as favorably
a species with the signatures of the *Rexcited state, and  with the RU'—acceptor recombination as in our present
a lifetime of ca. 65 ns. This species is responsible for the triad. The anthraquinone-based triads of Meyer and co-
long-lived emission around 625 nm, for the transient absorp- workers**2are on the other hand somewhat better in storing
tion at 370 nm in Figure 7b, and for a long-lived bleaching free energy AG° = 1.54 eV) in the charge-separated state,
at 450 nm. This bleach counteracts the absorption from thewith a charge separation lifetime of 15070 ns. The free
BQ"~ resulting in a near zero difference absorption around energy AG®) stored in the PTZ —Ru'—BQ"~ state is 1.32
450 nm on the nanosecond time scale (Figure 7b). TheeV, on the basis of the difference in PTZand BQ'~ redox
magnitude of the signals from the long-lived *Rspecies potentials, that is 63% of the excitation ener@yf of 2.11
increases with light exposure. The 65 ns lifetime is too short
for being a simple, unsubstituted [Ru(bglyy impurity, but (37) Sun, L.; Berglund, H.; Davidov, R.; Norrby, T.; HammarstroL.;
it is similar to the lifetime of the PTZRu' dyad. We Korall, P.; Baje, A; philouze, C.; Berg, K.; Thran, A.; Andersson,

> . . T . : . M.; Stenhagen, G.; M&ensson, J.; Alimgren, M.; Styring, S.Kkar-
attribute this to a triad species in which the quinone is no mark, B.J. Am. Chem. Sod.997, 119, 6996-7004.
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eV (assumingAS® = 0 for the excitation process). The tion (PIE). 2,5-Dihydroxybenzoic acid (DHB) was used as matrix,
lifetime of the charge-separated state is 80 ns, which is longand poly(ethylene glycol) (PEG) as internal standard. The ESI-
enough even for rather slow secondary reactions to occur. ItMS experiments were carried out on a ZacSpec mass spectrometer
thus seems that the triad system has favorable properties fofVG Analytical, Fisons Instrument), with nitrogen as bath and

further use as an artificial charge separation center. nebulizing gas. _
The transient absorption pumprobe measurements were

Conclusions performed on a regenerative amplified Ti:sapphire system that has
been described in detail previousfThe laser pulses generated
Three electron doneracceptor dyads and triads have been had an average temporal width of 150 fs. Pump light was produced
synthesized and studied (Schemes 1 and 2), that displayin an optical parametric amplifier (TOPAS) or by simple second
photoinduced electron transfer from the excited Rwiety ~ harmonic generation in a BBO crystal. The intensity of the
to the attached benzoquinone unit with a rate constant of 5éxcitation light was set below 8J to reduce the probability of
x 10° st (z = 200 ps). Recombination to the ground state two-phot_on exutatpn. The continuos probe light was generated in
reactants followed, with a rate constant of ca. #.30° 572 @ Sépph're or rotating Ca_EryStal' - .
(t ~ 2.2 ns) in both Rt—BQ (4) and Rii—BQ—Cd" (6), Time-resolved absorption and emission experiments on a nano-

howing that a furth lect | i i second time scale were performed with a frequency tripled
showing B at a further electrernole separation reac !on Q-switched Nd:YAG laser from Quantel producisd.0 ns flashes.
Ru'"-BQ —Cd" — Ru"-BQ—C0d' could not compete with

g ] | Pump light tunable in the range 41660 nm was obtained in an
the recombination reaction. To solve this problem, PTZ  opo. The average energy of the laser pulses wis mJ.

RU'—BQ (8) was prepared, in which a fast electron donor, e samples were prepared with an absorption at 452en (
PTZ, was linked to the ruthenium in order to slow the 1 3. 10¢M~cm3)2of ca. 0.3 for transient absorption experiments
recombination. This complex did form the fairly long-lived and ca. 0.1 for emission experiments. In the emission and flash
(r = 80 ns) charge-separated state PTRU'—BQ " in high photolysis experiments, the samples were purged with nitrogen.
yield (>90%), that stored 1.32 eV of the excitation energy. All the kinetic results presented are averages of ca. 10 independent
It thus seems that the triad system is well suited for further measurements.

use as an artificial charge separation center. Only one Electrochemistry. Cyclic voltammetry and differential pulse
previous [Ru(bpyj?*-based triad has been reported to give Voltammetry were carried out with a three-electrode setup in a three-
a >40% charge separation yieltland the common factor ~ compartment cell connected to an Autolab potentiostat with a GPES
between that triad and ours seems to be a rapid secondar)‘fleCtrOChemical interface (Eco Chemie). The working electrode was
electron transfer from the PTZ to the photogenerateti Ru a glassy carbon disk. Potentials were measured versus a nonagueous

. . . Ag/Ag™ reference electrode (CH Instruments, 10 mM AgN®
moiety. Unfortunately, it turned out to be photolabile, at least CH3CN). All potentials reported here are referenced versus thée Fc

partially due to an 'n.ter.es“ng coupling reaction between the Fc couple by adding-0.080 V to the potentials measured versus
PTZ" and BQ™ moieties. Therefore, we were unable t0 e aAg/agH electrode. IR drop was not compensated for, resulting
prepare a PTZRU'-BQ—C0" tetrad from PTZ-Ru'-BQ. in peak to peak separations 4E, = 88 mV (v = 0.1V s'3) and
Finally, the dyad PTZRU' (9) was prepared as a model AE, =78 mV (v = 0.05 V s?) for the reversible Fo/Fc couple.
complex for the PTZRU' unit in PTZ-Ru'-BQ. In the Solutions were prepared from dry GEN (Merck, spectroscopy
dyad, a reversible electron transfer was observed on excita-grade, dried with MS 3 A) and contained ca. 1 mM of the analyte
tion, with AG® close to zero. Thus, a quasiequilibrium was and 0.1 M tetrabutylammonium hexafluorophosphate (Fluka,
established with an observed time constant of 7 ns, with ca. electrochemical grade, dried at 373 K) as supporting electrolyte.
82% of the population in the PEZRU" state and 18% in The glasgware used was oven dried, assembled, and flushed with
the PTZ—RU'(bpy ") state. These states decayed in parallel argon while hot. All measurements were performed under argon
. . e atmosphere.
with an observed lifetime of 90 ns. The initial electron _ .
transfer to form the PTZ—RU'(bpy ) state was thus faster Materials. All reagents were purchased commercially and used

. N o without further purification. The concentration ofBuLi was
ghea::r;;vh?tivoggd 22;’6 :eggslgifs:lirt?/d Irrgtn ::Zy Fﬁl‘;\llzs'ggen determined by titration with diphenylacetic acid. Diisopropylamine

) e ) . ' was distilled from NaH and stored over KOH. THF was freshly
overlooked in other similar systems with close to isoergonic gisgilled from Na/benzophenone before use. DMF was distilled from

electron transfer. Cah, and stored over molecular sieves (4 A). Other solvents were
_ _ used as received. All reactions and purifications involving donor/
Experimental Section acceptor metal complexes were performed under reduced light.

Chromatographic purifications were carried out on silica gel 60

SpectroscopyThe solvent used was acetonitrile of spectroscopic (230400 mesh), and thin-layer chromatography was performed

grade (Merck). UV-vis _absorptlon spectra \_/vere measureo! ona oo Merck silica gel 60 ks, or aluminum oxide 60 k4 neutral.
Hewlett-Packard 8453 instrument or a Varian Cary 50-tA6

spectrophotometer. The emission spectra were recorded on a SPExbroSn):g:lzfrllsf meeltt;]rolgozr? be.thyrll dl',nA:e (stlmle éh(?zyrf:eer:rzl elr_?’;bd.'_
Fluorolog Il fluorimeter. Spectra at 77 K were taken in dry y yl-,2-DIpyndine; yie, &bl

2 T ; : ridin-4-yl)methyl)phenothiazine (PTZdmb),cis-Ru(bpy)Cl,
butyronitrile solution in a coldfinger Dewar. The infrared spectra by 39 4 20
were recorded on a Perkin-Elmer Spectrum One spectrometer in2H20.” CisRU(DMSO)CI>** Ru(bpy)(DMSO)CL, ™ [Co(bpy)-

KBr pellets.'H and 13C NMR spectra were measured on Varian

300 or 400 MHz spectrometers or on a Bruker 500 MHz (38) Andersson, M.; Davidsson, J.; Hammaistrd..; Korpi-Tommola, J.;
. Peltola, T.J. Phys. Chem. B999 103 3258-3262.
spectrometer. The MALDI-TOF experiments were performed on a (39) Lay, P. A.; Sargeson, A. M.; Taube, Hiorg. Synth1986 24, 291—

Bruker BIFLEX Il spectrometer equipped with pulsed ion extrac- 299.
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Cl,]CI-5H,0,4* and [Co(bpyj]Cls*? were prepared as described
elsewhere.N-Methyl phenothiazine (MePTZ) was prepared by
methylation of phenothiazine by GHn THF.*3 [Co(bpy)](PFe)s
was isolated by dissolving the chloride salt in MeOH and precipitat-
ing with an excess of NiPF.
2,6-Bis(2-(4-methyl-2,2bipyrid-4'-yl)-etyl)-1,4-dimethoxyben-
zene (2).Diisopropylamine (0.95 mL, 6.8 mmol) was added to
freshly distilled THF (15 mL) under nitrogen. To this solution was
slowly addedh-BulLi (4.5 mL, 7.2 mmol). The solution was left at
room temperature for 45 min before it was reduced-8 °C,
and dmb, 4,4dimethyl-2,2-bipyridine, (1.20 g, 6.51 mmol) in THF
(35 mL) was added dropwise. After 2 h, the dark-brown solution

ments to remove possible minute impuritiéld. NMR (400 MHz,
CDsCN, 25°C): 6 8.59 (d, 1H), 8.50 (d, 1H), 8.483.41 (m, 4H),
8.38 (s, 1H), 8.34 (s, 1H), 8.31 (s, 1H), 8.15 (s, 1H), 8:006
(m, 4H), 7.74-7.66 (m, 4H), 7.59 (d, 1H), 7.54 (d, 1H), 7.46 (d,
1H), 7.45-7.33 (m, 5H), 7.26:7.21 (m, 2H), 6.51 (s, 2H), 3.04
2.98 (m, 2H), 2.952.89 (m, 2H), 2.842.79 (m, 2H), 2.7#2.71
(m, 2H), 2.54 (s, 3H), 2.53 (s, 3H). IR (KBr): 1653 ci(C=0).
ESI-MS: m/z [M — PR]" 1059.017 (calcd for &HssNgO,-
RuPR: 1059.229), [M— 2PFR;"]2" 456.736 (calcd for §H44NgO2-
Ru: 457.132). Anal. Calcd (%) forggH4sNgO,RURF, 2 1.25CHCI,
(1310.15): C 48.82, H 3.58, N 8.55. Found: C 48.77, H 3.57, N
8.44.

was warmed to room temperature and added dropwise to a solution 2,6-Bis(2-(4-methyl-2,2-bipyrid-4'-yl)-etyl)-1,4-benzo-

of 1(0.80 g, 2.47 mmol) in THF (35 mL) at78 °C. The solution

quinone (5). Compound2 (1.10 g, 2.07 mmol) ang-toluene-

was left overnight. HO was added and the ether phase separated. sulfonic acid monohydrate (0.79 g, 4.13 mmol) were dissolved in

The HO phase was extracted with additionaj@&t The combined
organic phases were dried overJS&, and the solvent removed
to give a yellow/brown oil. This was chromatographed on silica
(eluent: gradient 33.5% EtOH/CHClI,, 1% NH;) to give2 as a
slightly yellow oil which crystallized on standing (1.00 g, 78%).
IH NMR (300 MHz, CDC}, 25°C): ¢ 8.54 (d, 2H), 8.52 (d, 2H),
8.28 (s, 2H), 8.21 (s, 2H), 7.34.08 (m, 4H), 6.57 (s, 2H), 3.70
(s, 3H), 3.68 (s, 3H), 2.97 (s, 8H), 2.40 (s, 6MAC NMR (300
MHz, CDCl, 25°C): 6 156.4, 156.1, 155.8, 152.0, 150.5, 149.2,

CH3CN (30 mL). CAN (3.40 g, 6.21 mmol) dissolved in@ (25

mL) was added in portions. The stirred solution was left at room
temperature for 45 min. Saturated J&&; was added until pH=

7, CH,CI, was added to the suspension, and the mixture was filtered.
The CHCI, phase was separated and washed wih.H he organic
phase was dried over M&O, and evaporated in vacuo. The
remaining solid was chromatographed on a short silica column
(eluent: CHCI,, 3% EtOH) to give5 as a yellow solid (0.70 g,
68%).H NMR (300 MHz, CDC}, 25°C): 6 8.57 (d, 2H), 8.52

149.1, 148.3, 135.2, 124.9, 124.1, 122.2, 121.4, 113.6, 61.9, 55.8,(d, 2H), 8.25 (m, 2H), 8.22 (m, 2H), 7.13 (d, 2H), 7.12 (d, 2H),

36.7, 31.7, 21.6.
Complex 3.cis-Ru(bpy)}Cl,:2H,0 (0.057 g, 0.11 mmol) an2l

6.49 (s, 2H), 2.942.78 (m, 8H), 2.42 (s, 6H)13C (300 MHz,
CDCl, 25°C): 6 187.5, 187.3, 156.7, 155.9, 150.5, 149.5, 149.2,

(0.350 g, 0.66 mmol, 6 equiv) were added to degassed EtOH (25148.4, 148.1, 133.2, 125.0, 123.9, 122.3, 121.3, 33.8, 30.3, 21.4.
mL), and the solution was heated under nitrogen at reflux. After 4 IR (KBr): 1652 cnt! (C=0).
h, the red solution was cooled to room temperature, and the volume  Dinuclear Complex 6. Complex4 (0.038 g, 3.210-5 mol) and

was reduced in vacuo to 5 mL.,8 (10 mL) was added, and the
solution was washed with GBl,. An excess of NiPR was added,
and the resulting solid was redissolved by addition 05CH The
organic phase was separated and th® khhase extracted with

[Co(bpy):Cl,]CI-5H,0 (0.022 g, 4.2x 105 mol) were added to
degassed MeOH (20 mL). The mixture was heated to reflux under
nitrogen for 75 min. The solvent was removed and the solid
redissolved in HO. A saturated solution of NM#PF was added,

additional CHCI,. The combined organic phases were evaporated and the formed precipitate was collected by filtration and washed
in vacuo, and the resulting solid was redissolved in acetone andrepeatedly with HO and E$O to give6 (0.046 g, 72%)H NMR

precipitated by dropwise addition of & to give3 (0.090 g, 67%).
IH NMR (500 MHz Bruker, CRCN, 25°C): ¢ 8.48 (d, 1H), 8.43
(d, 1H), 8.38 (d, 1H), 8.288.23 (m, 4H), 8.17 (s, 1H), 8.03 (t,
1H), 8.00-7.90 (m, 3H), 7.81 (t, 1H), 7.73 (d, 1H), 7.71 (d, 1H),
7.67 (d, 1H), 7.657.60 (m, 3H), 7.57 (d, 1H), 7.427.35 (m, 2H),
7.34-7.25 (m, 3H), 7.18 (d, 1H), 7.14 (d, 1H), 7.10 (d, 1H), 6.71
(d, 1H), 6.60 (d, 1H), 3.68 (s, 3H), 3.57 (s, 3H), 3.14 (m, 1H),
3.08-2.98 (m, 3H), 2.822.68 (m, 3H), 2.55 (m, 1H), 2.52 (s,
3H), 2.47 (s, 3H). ESI-MSm/z[M — PR;~]*" 1089.091 (calcd for
Cs4HsoNgO,RUPR: 1089.276), [M— 2PR~]2" 471.774 (calcd for
Cs4Hs0NgOoRU: 472156)

Complex 4.Complex3 (0.190 g, 0.15 mmol) was dissolved in
CHsCN (10 mL), and CAN, cerium ammonium nitrate, (0.240 g,
0.44 mmol) in HO (10 mL) was added dropwise. The solution
was left stirring at room temperature for 1.5 h after whicfOH
(15 mL) was added. The solution was extracted with,Clkland
the organic phase washed with® The solvent was removed to

(400 MHz, CBCN, 25°C): ¢ 8.70-8.64 (m, 4H), 8.56 (s, 1H),
8.55 (s, 1H), 8.56:8.44 (m, 8H), 8.38 (s, 1H), 8.37 (s, 1H), 8:08
8.00 (m, 4H), 7.787.68 (m, 8H), 7.66-7.50 (m, 4H), 7.46:7.36
(m, 4H), 7.36-7.20 (m, 6H), 7.167.04 (m, 2H), 6.52 (s, 1H),
6.49 (s, 1H), 3.153.08 (m, 2H), 3.042.96 (m, 2H), 2.882.76
(m, 4H), 2.65 (s, 3H), 2.53 (s, 3H). IR (KBr): 1653 ci(C=0).
ESI-MS: m/z [M - 2P|'_57]2Jr 860.090 (calcd for GHeoN 120~
CoRuURFg 860.113), [M— 3PFRs7]3" 525.106 (calcd for @Heo-
N1,0,CoRURF,: 525.088), [M— 4PRs~]4" 357.578 (calcd for
C7o:HeoN120,CoRUPE: 357574) Anal. Calcd (%) fOfﬂ"(;oleOz
CoRuRF3, (2010.184): C 43.02, H 3.01, N 8.36. Found: 42.91,
H 3.16, N 8.27.

Complex 7. Ru(bpy)(DMSO)CI, (0.290 g, 0.60 mmol) and
PTZdmb (0.228 g, 0.60 mmol) were added to freshly distilled DMF
(60 mL). The solution was heated at reflux under nitrogen for 2.5
h. The solvent was removed in vacuo,GH(10 mL) was added to
the remaining solid, and the mixture was stirred for 30 min.

give 4 (0.134 g, 72%). The solid was chromatographed once on Filtration of the mixture gave a black solid which was repeatedly

silica (eluent: CHCN/H,O/sat. KNQ, 20:3:1) before continuing,

washed with HO and EO until colorless washings. The solid

and an additional time (same eluent) before photolysis measure-gptained was not further purified (0.351 g). MALDI-TORYz [M

(40) Zakeeruddin, S. M.; Nazeeruddin, Md. K.; Humphry-Baker, R.;
Grézel, M. Inorg. Chem.1998 37, 5251-5259.

(41) Hancock, M. P.; Josephsen, J.; Stdra C. E. Acta Chem. Scand.
1976 30, 79-97.

(42) Crumbliss, A. L.; Perine, S. C.; Edwards, A. K.; Rillema, D.JP.
Phys. Chem1992 96, 1388-1394.

(43) Bae, J. Y.; Ranjit, K. T.; Luan, Z.; Krishna, R. M.; Kevan,l Phys.
Chem. B200Q 104, 9661-9669.

— 2CI~ + DHB™]* 792.09 (calcd for GiH3:NsO4 S;Ru: 792.12).
Complex 8.Ru(bpy)(PTZdmb)Gl(7) (0.083 g, ca. 0.12 mmol)
and5 (0.293 g, 0.59 mmol) were added to degassed EtOH (30 mL),
and the mixture was heated at reflux under nitrogen for 4 h. The

solvent was removed, 4@ (10 mL) and CHCI, (10 mL) were
added, the KD phase separated and washed with additionai-CH
Cl,. The combined organic phase was extracted once witb. H
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To the combined KD phases were added an excess of,Ri phases were washed withh® and evaporated to dryness, and the
and CHCIl,. The organic phase was separated and the solventresidue was chromatographed twice on silica (eluentzGNH,O/
removed. The crude product was chromatographed on silicasat. KNG, 40:4:1) and isolated as PFsalt (0.049 g, 21%)H
(eluent: CHCN/H,O/sat. KNQ 20:3:1). The red-brown solid was  NMR (400 MHz, CCN, 25°C): ¢ 8.60-6.70 (28H, aromatic),
chromatographed two additional times and isolated as BElt 5.32-5.31 (2 singlets, CHPTZ), 2.55-2.50 (9H, CH-groups). ESI-
(0.017 g, ca. 10%)H NMR (400 MHz, CDCN, 25°C): 6 8.50~ MS: mz [M — PR]" 968.225 (calcd for ¢HzoN/SRuUPF:
6.70 (34H, aromatic), 6.566.40 (2H, Q), 5.325.23 (4 singlets, 968.168), [M — 2PR]?* 411.641 (calcd for ggHzoN;SRu:
CH,PTZ), 3.05-2.60 (8H, CH-groups), 2.552.40 (9H, CH- 411.602). Anal. Calcd (%) for £H3soN7SRURF12 (1112.913): C
groups). IR (KBr): 1652 cmt (C=0). ESI-MS: m/z[M — PRy]* 49.64, H 3.53, N 8.81. Found: C 49.81, H 3.67, N 8.61.
1284.434 (calcd for ggHssNgO.SRUPK: 1284.290), [M— 2PRs ]2+
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