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A Ru(11) complex containing the 4,4'-diphenyl-2,2’-bipyridine (Ph,bpy) and 7-amino-dipyrido[3,2-a:2’,3'-c]-
phenazine (dppz-NH,) ligands was synthesized and found to be an excellent switchable photosensitizing unit
suitable for photo-induced energy transfer, which has large light absorptivity, superior excited state properties and
an amino functional unit for connecting acceptor units. [Os(tpy),]** (tpy = 2,2':6',2"-terpyridine) unit was connected
to the amino group of this photosensitizing unit by an amide bond to construct a heterodinuclear Ru(11)/Os(11)
photo-induced energy transfer system. This system showed stronger Os(11) centered emission compared to the
similar heterodinuclear Ru(m)/Os(11) complex containing 2,2'-bipy (bpy) instead of Ph,bpy. Analysis of the
photophysical processes of these complexes indicated that the stronger Os(11) emission was ascribed not only to

the higher absorptivity but also to the increased energy transfer efficiency from the Ru(i) to the Os(11) center.

It also demonstrated that photosensitization by energy transfer to the Os(i1) center was switched on and off

reversibly by protonation/deprotonation of the dppz moiety.

Introduction

Construction of efficient photo-induced energy transfer sys-
tems has been the subject of intense studies because of their
important role in various rapidly developing fields like artificial
solar energy harvesting systems,! molecular-level devices for
nanoscale electronics,>® and sophisticated molecular sensors.*
The system is composed of photosensitizing, connecting and
acceptor units, and various connecting units for efficient and
long-distance energy transfer have been reported.’ However, the
type of photosensitizing units used for these studies is relatively
limited. Porphyrins,® organic laser dyes’ and polypyridyl Ru(ir)
complexes® are the most frequently used for this purpose.
Development of useful photosensitizing units is one of the key
factors for construction of photo-induced energy transfer sys-
tems. The criteria for a photosensitizing unit are that the unit
has (i) large light absorptivity for effective light harvesting or
high sensitivity for input light, (ii) superior excited state proper-
ties to increase the efficiency of energy transfer to the acceptor
unit, and (iii) suitable functional group(s) for connecting the
acceptor unit. To meet the requirements of (i), dendron-type
photosensitizing units have been reported.®*78°

We previously synthesized [Ru(bpy),(dppz-NH,)]** (dppz-
NH, = 7-amino-dipyrido[3,2-a:2’,3'-c]phenazine) having an
amino terminal group as a useful photosensitizing and connect-
ing unit for energy transfer systems, and showed that efficient
intramolecular energy transfer took place from the Ru(ir) center
to the energy-accepting unit connected to the amino terminal
group by the amide bond."

In 1984, Cook et al reported the synthesis and emission
properties of [Ru(Ph,bpy);_,.(bpy),J[PF¢, (Ph,bpy = 4,4'-di-
phenyl-2,2'-bipyridine, n = 0, 1 and 2).!' These complexes
showed high radiative quantum yields of 0.306, 0.098 and 0.197
for n = 0, 1 and 2, respectively, which was ascribed to the

T Electronic supplementary information (ESI) available: time-resolved
emission decay curves of Ru(Ph)-NHCO-Os and Ru-NHCO-Os. See
http://'www.rsc.org/suppdata/dt/b2/b211225f/

This journal is © The Royal Society of Chemistry 2003 |

delocalization of the excited electron to the phenyl groups.'? In
spite of these excellent emission properties, to the best of our
knowledge, an energy transfer system using this [Ru(Ph,-
bpy),]** unit as the photosensitizing chromophore has not been
reported. Therefore, in this study, [Ru(Ph,bpy),(dppz-NH,)]**
was synthesized as a novel photosensitizing unit that satisfy the
above-mentioned criteria, possessing excellent light harvesting
ability and high emission properties compared to Ru-bpy
systems, and an amino terminal group for connecting acceptor
units. An [Os(tpy),]** unit, which has a higher radiative quan-
tum yield than [Os(bpy),]**, was introduced to the amino group
of this photosensitizing unit, and intramolecular energy trans-
fer within this heterodinuclear Ru(i)/Os(11) complex was exam-
ined. We will demonstrate here that [Ru(Ph,bpy),(dppz-NH,)]**
is an excellent building block as the efficient and switchable
photosensitizing unit for construction of a photo-induced
energy transfer system.

Results
Synthesis

The reaction scheme is illustrated in Fig. 1. The parent complex,
[Ru(Ph,bpy),(dppz-NH,)I** (Ru(Ph)-NH,), used as a photo-
sensitizing unit, was easily synthesized in moderate yield (67%)
from Ru(Ph,bpy),Cl, and dppz-NH, ' by a one-step reaction.
The parent complex was reacted with tpy-Ph-COCI, prepared
by acid chlorination of tpy-Ph-COOH,™ to give [Ru(Ph,bpy),-
(dppz-NHCO-Ph-tpy)]**. Although TLC showed the presence
of some impurities at this stage, subsequent reaction with
[Os(tpy)(H,0),]*" ** and purification by preparative TLC
yielded a Ru(m)/Os(m) heterodinuclear complex, Ru(Ph)-
NHCO-Os as a dense brown powder. The heterodinuclear
complex containing bpy instead of Ph,bpy, Ru-NHCO-Os, was
synthesized by the same procedure. The reference complex
having no Os(11) center, Ru(Ph)-NHCO, was obtained by prepar-
ation of the amide bridging ligand dppz-NHCO-Ph-Bu' and
subsequent complexation with Ru(Ph,bpy),Cl,, and Ru-NHCO
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Fig. 1 Synthetic scheme of the complexes. (i) RuCl; hydrate, LiCl-dmf, reflux for 8 h; (ii) 7-dppz-NH,-2-methoxyethanol, reflux for 5 h; (iii) dppz-
NHCO-Ph-Bu*-EtOH, H,0, reflux for 5 h; (iv) SOCI,, reflux for 6 h; (v) Ru(Ph)-NH,~N,N-dimethylacetamide (DMAc), pyridine, 120 °C for 37 h,
then NH,PF; (vi) [Os(tpy)(H,0);][PF4]s;—ethylene glycol, 150 °C for 1 h; (vii) [Ru(bpy),(dppz-NH,)|[PF],-DMAc, pyridine, 120 °C for 37 h, then

NH,PFg; (viii) [Os(tpy)(H,0);][PF4];—ethylene glycol, 150 °C for 3 h.

was prepared according to the literature.'® Each complex could
be purified by preparative TLC on silica with acetonitrile—
0.4 M aqueous KNO; or ammonium hexafluorophosphate—
acetonitrile solution as an eluent. The purity of the complexes
was carefully confirmed by TLC, and all new compounds were
characterized by '"H NMR spectroscopy and FAB or ES mass
spectrometry.

Absorption and emission spectra of the complexes

The absorption spectra of the mononuclear and hetero-
dinuclear complexes (1.00 x 107> M) were measured in aceto-
nitrile at 25 °C, which are shown in Fig. 2a and 2b, respectively,
together with their emission spectra, and the data are col-
lected in Table 1. The high-intensity absorption band at
about 300 nm can be ascribed to the ligand-centered n—mn*
transition.’” A broad band between 350 and 500 nm consists
of both the ligand-centered m-m*/n—m* absorption band of
the dppz-NH, ligand and the spin-allowed metal-to-ligand
charge transfer (*MLCT) band. For the heterodinuclear
complexes, Ru-NHCO-Os and Ru(Ph)-NHCO-Os, the spin-
forbidden MLCT (*MLCT) band appeared between 550 and
750 nm.

The emission spectra of the complexes (1.00 x 107¢ M) were
measured by excitation at 440 nm. Emission from the Ru()
center appeared at 620-630 nm, while emission from the Os(11)
center was observed at 746 nm. To enhance the comparison,
intensities of the emission from the Ru(i) and the Os(i)
centers were reported as relative to those of Ru-NHCO and
Ru-NHCO-Os, respectively. In Table 1, the emission intensities
were described in the form of both those under the same con-
centration and those normalized by the absorbance at 440 nm
(in proportion to the emission quantum yield), respectively.
Though Ru(Ph)-NH, having an amine end group showed
relatively weak emission, Ru(Ph)-NHCO having an amide
end group showed about 4.97 times stronger emission than
Ru-NHCO. Using [Ru(bpy);]** (¢ = 0.062 in acetonitrile *®) as a
reference, the emission quantum yield of Ru(Ph)-NHCO was
estimated to be 0.10.
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Fig. 2 Absorption (left hand) and emission (right hand) spectra of
(a) mononuclear and (b) heterodinuclear complexes in acetonitrile at
25 °C. Ao = 440 nm; (a) Ru(Ph)-NH, (---), Ru-NHCO ( - -+ ), Ru(Ph)-
NHCO (7), (b) Ru-NHCO-Os ( - - - ), Ru(Ph)-NHCO-Os (7). Emission
intensity is magnified 10 times in (b) compared to that in (a).

In Ru(Ph)-NHCO-Os, the emission from the Ru(m) center
was completely quenched, suggesting that the intramolecular
energy transfer took place from the Ru(i) center to the Os(11)
center.

Lifetime measurements

In order to clarify the energy transfer process in the hetero-
dinuclear Ru(Ph)-NHCO-Os, the time-resolved emission decay
curves of Ru(Ph)-NHCO-Os, Ru-NHCO-Os and reference
complexes were recorded at an approximate concentration of



Table 1 Absorption and emission properties at 25 °C

Emission /,,,,/nm,

rel. int. (rel. int./abs.)“ Emission lifetime 7/ns

Complex Absorption /A, /nm (10 *e/cm™ M™") Ru based Os based Ru based Os based
Ru(Ph)-NH, 260 309 474 611,0.97
9.77) 9.87) (3.81) 0.63)
Ru(Ph)-NHCO 259 308 410 467 621,4.97 873
(9.40) (12.38) (2.86) (3.02) (3.23)
Ru(Ph)-NHCO-Os 262 311 408 480 665 621, 0.006 746, 2.40 15 182
(12.23) (19.39) (4.19) (5.85) 0.71) (0.004) (1.54)
Ru-NHCO 257 290 412 460 615,=1.00 138
(3.98) (8.04) (2.40) (1.71) (=1.00)
Ru-NHCO-Os 287 312 414 475 661 621, 0.081 746, =1.00 14 166
(10.22) (9.30) (2.94) (3.19) (0.43) (0.068) (=1.00)
“The parentheses show the relative values of the emission intensity divided by the absorbance at 440 nm.
Table 2 Redox potentials (V vs. Fc/Fc™)
Reductions Os¥* Ru?*2
Ru(Ph)-NH, [—2.06]“ [—1.67]° [—1.50]° [—1.23]¢ 0.88
Ru(Ph)-NHCO [—1.90]¢ -1.72 -1.36 0.85
Ru(Ph)-NHCO-Os [-1.75]“ [—1.59]° [—1.49]° [-1.31]° 0.52 0.85
Ru-NHCO* —1.86 —1.45 0.85
[Ru(Ph,bpy);**¢ —1.66 0.82

“ Peak potential of the reduction wave. * Peak potential of the oxidation wave. ¢ Ref. 10. “ Ref. 12a.

10™* M in acetonitrile. Emission at 620 nm of the reference
complexes, Ru(Ph)-NHCO and Ru-NHCO, showed single
exponential decay curves with lifetime of 873 and 138 ns,
respectively. In the case of Ru(Ph)-NHCO-Os, decay curves
at 620 nm (Ru(m) center) and 740 nm (Os(11) center) fitted to
the single decay process, giving 15 and 182 ns as the life-
times, respectively. Based on the emission lifetimes from
the Ru(in) centers of Ru(Ph)-NHCO (z°) and Ru(Ph)-NHCO-
Os (7), the rate of energy transfer (k.,) was estimated to be
6.6 x 107" s7! (ko, = (1/7) — (1/7°). Similarly, emission decay
curves of Ru-NHCO-Os at 620 nm (Ru(m) center) and 740 nm
(Os(1) center) fitted to the single decay process, giving 14 and
166 ns as the lifetimes, respectively, and the rate of energy
transfer in the Ru-NHCO-Os complex was estimated to be
6.4 x 107 s7'. It is noted that the emission from the Os(ir)
center in the time-resolved emission decay curves of Ru(Ph)-
NHCO-Os and Ru-NHCO-Os showed risetime at the initial
stage, which roughly coincided with the rapid decay of the
emission from the Ru(1) center (see Electronic Supplementary
Information ¥).

Electrochemistry

Cyclic voltammetry of the complexes in acetonitrile was carried
out in the range between +1.41 to —2.09 V vs. Fc/Fc™, and the
potentials are summarized in Table 2. In the positive region, the
complexes exhibited reversible one-electron redox peaks due to
a Ru?*/Ru*" couple at +0.85-+0.88 V vs. Fc/Fc* and/or revers-
ible one-electron redox peaks due to a Os**/Os** couple at 0.52
V vs. Fc/Fc*. The peak intensities of the Os?*/Os** and Ru*'/
Ru*" couples in the heterodinuclear complexes were identical,
indicating that there was no internal metal-metal interaction
between two metal centers.

In the negative region, Ru(Ph)-NHCO exhibited reversible
first reduction couples at —1.36 V due to the reduction of the
phenazine unit'® and reversible second reduction couples at
—1.72 V vs. Fc/Fc* which is ascribed to the reduction of
the Ph,bpy ligand.'? In the case of the other complexes, the
voltammograms became less well-defined or irreversible, and
only the peak potentials of the reduction or the oxidation waves
are listed.

Protonation/deprotonation of the dppz moiety

It is known that [Ru(L),(dppz)I** (L = bpy or 1,10-phenanthro-
line) showed moderate emission in acetonitrile and ethanol, but
no emission in water or in the presence of a proton donor such
as acetic acid.'” This was ascribed to the protonation of the
dppz nitrogen, which caused effective dissipation of the dppz-
localized MLCT excited state. This result prompted us to test
the switching of the photo-induced energy transfer from the
Ru(1) to the Os(11) center by protonation/deprotonation of the
dppz moiety in Ru(Ph)-NHCO-Os. First, the absorption and
emission spectral changes of Ru(Ph)-NHCO (4.0 X 107° M) by
adding CF,SO;H (2.0 x 1072 M, 5000 equivalent) and sub-
sequently Et;N (5000 equivalent) in acetonitrile were measured.
Upon addition of acid, the MLCT band was slightly red-shifted
and the emission from the Ru(ir) center was greatly decreased
(1/50) as shown in Fig. 3a. The absorption and emission spectra
returned to the original shape again following addition of
base, and these spectral changes, induced by the protonation/
deprotonation cycle, could be repeated reversibly. Next, the
absorption and emission spectral changes of Ru(Ph)-NHCO-
Os (4.0 x 107% M) were measured. Addition of acid (2.0 x 1072
M, 5000 equivalent) caused a red-shift of the MLCT band and
concomitant decrease of the emission from the Os(11) center (1/
5) as shown in Fig. 3b. Since addition of acid little affected the
emission intensity of the Os(11) center by irradiation at 665 nm,
where no absorption due to the Ru(ir) center was observed, the
acid-induced decrease of the Os(11) emission was due to the
switching off of the photosensitization by the Ru(ir) unit. The
absorption and emission spectra recovered the original shape
again on addition of base (5000 equivalent), and these spectral
changes were confirmed to be reversible.

Discussion

Photophysical properties of photosensitizing unit,
Ru(Ph)-NHCO

It is clearly shown in Fig. 2 that the complexes containing the
Ph,bpy ligand have a more than 1.5 times larger extinction co-
efficient throughout the UV-VIS region than those containing
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Fig. 3 Emission spectral changes of (a) Ru(Ph)-NHCO and
(b) Ru(Ph)-NHCO-Os by protonation/deprotonation in acetonitrile at
25 °C. Aoy =440 nm; protonated form (- --), deprotonated form (7). Each
inset shows the corresponding absorption spectral change. Emission
intensity is magnified 5 times in (b) compared to that in (a).

the bpy ligand. The increase of the absorptivity of the n—m*
band can be attributed to the presence of additional phenyl
groups in Ph,bpy, but it is worth noting that the MLCT
band at 360-420 nm was also increased. A similar increase of
the MLCT band was also observed for [Ru(4,4’'-di-p-tolyl-
bpy);]**."** These results demonstrated that Ru(m) complexes
containing the Ph,bpy ligand serve as superior light harvesting
units compared to those containing the bpy ligand.

The concentration-based emission intensity of Ru(Ph)-
NHCO by excitation at 440 nm is 4.97 times stronger than that
of Ru-NHCO (Table 1). This increase is attributed in part to the
increased absorbance of Ru(Ph)-NHCO at 440 nm. However,
the emission intensity of Ru(Ph)-NHCO normalized by the
absorbance is still 3.23 times higher than that of Ru-NHCO.
This should be due to the superior emission properties of
Ru(Ph)-NHCO. From the emission lifetimes, rates of dissi-
pation from the emission states were estimated to be 1.15 x 10°
s" and 7.25 x 10° s7' for Ru(Ph)-NHCO and Ru-NHCO,
respectively, showing clearly that the dissipation of the excited
energy in Ru(Ph)-NHCO is much slower than that in Ru-
NHCO. Thus, it is shown that an Ru(11) complex containing the
Ph,bpy ligand has excellent light harvesting abilities and
superior excited state properties, suitable as a photosensitizing
unit for constructing a photo-induced energy transfer system.

Energy transfer process from the photosensitizing unit

The emission intensity from the Os(u) center of Ru(Ph)-
NHCO-Os by excitation at 440 nm is 2.4 times stronger than
that of Ru-NHCO-Os in the same concentration (Table 1).'®
The emission intensity of Ru(Ph)-NHCO-Os after being nor-
malized by absorbance is still 1.54 times higher, indicating a

818

Dalton Trans., 2003, 815-821 |

higher emission efficiency of Ru(Ph)-NHCO-Os. To under-
stand this result, the absorption process is examined more in
detail. Since the Os(11) center itself has an absorption at 440 nm,
direct excitation of the Os(i) center also contributes to the
emission from the Os(i1) center. From the absorbance of the
MLCT band of [Os(tpy),]*" at 440 nm (¢ = 7900 cm™' M),
absorption by the Os(11) center was estimated to comprise 18
and 28% of the total absorption at 440 nm for Ru(Ph)-NHCO-
Os and Ru-NHCO-Os, respectively. Therefore, a major part of
the light excitation within these complexes is the Ru(i) center,
and the proportion of the Ru(i) excitation is higher for Ru(Ph)-
NHCO-Os. These results clearly showed that the higher emis-
sion efficiency of Ru(Ph)-NHCO-Os is ascribed to the higher
energy transfer efficiency from the Ru(ir) to the Os(i1) center
within the complex, demonstrating that the Ru(Ph)-NHCO
serves as an efficient photosensitizing unit.

To enhance comparison, rates of photophysical processes
within the heterodinuclear complexes are summarized in Fig. 4.
Though the rate of energy transfer was practically identical for
these complexes, the rate of dissipation of the excited energy at
the Ru(1r) center was much faster in Ru-NHCO-Os. The rate of
the energy transfer was only less than an order of magnitude
faster in this case, and therefore, the excited energy dissipation
at the Ru(m) center might reduce the efficiency of the energy
transfer process. In contrast, the rate of energy transfer is more
than 50 times faster than that of dissipation at the Ru(mr) center
in Ru(Ph)-NHCO-Os. Therefore, this can be the reason, at least
in part, for the higher efficiency of the energy transfer process in
Ru(Ph)-NHCO-Os. Energy transfer for longer distances or
through non-conjugated structures generally resulted in a
smaller rate, and, therefore, this factor should become more
important for construction of efficient energy transfer systems.

Energy transfer

6.4x107 s

Quench
7.25x108 5™

Energy transfer .

& s
S
e

6.6x10
e
NNC e

Ru(Ph)-NHCO-Os

Quench
1.15x10%s!

/
\\«’5.3><106 s

Fig. 4 Rates of photophysical processes in Ru-NHCO-Os and
Ru(Ph)-NHCO-Os.

Switching of the energy transfer process from the photosensitiz-
ing unit

It has been reported that protonation of the [Ru(bpy),(dppz)[**
complex occurred at the phenazine nitrogen which caused
quenching of the emission.’” As shown in Fig. 3a, it is clearly
noted that the emission from the Ru(m) center of Ru(Ph)-
NHCO could be reversibly switched on and off by protonation/
deprotonation. In the case of Ru(Ph)-NHCO-Os, addition of
acid decreased the emission from the Os(11) center to 20% of the
original intensity (Fig. 3b). The remaining emission is presum-
ably due to the direct excitation of the Os(m) center, which
nearly corresponds to the absorbance ratio of the Os(11) center
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Fig. 5 [Illustration of energy transfer switching by protonation/deprotonation in Ru(Ph)-NHCO-Os.

at 440 nm (18%, see above). Since protonation of the dppz unit
caused a large increase of the dissipation process at the Ru(in)
center,'’ the result is explained by switching off of the photo-
sensitizing ability of the Ru(i) unit within the complex. The
scheme of energy transfer switching by protonation/deproton-
ation in Ru(Ph)-NHCO-Os is illustrated in Fig. 5. The process is
fully reversible by addition of acid and base alternately, and the
change of the emission intensity is sufficiently large to be easily
monitored. Therefore, Ru(Ph)-NHCO serves not only as an
efficient but also a switchable photosensitizing unit by proton-
ation/deprotonation of the dppz moiety.

Conclusion

We showed that the Ru(i1) complex, Ru(Ph)-NHCO, containing
the Ph,bpy and dppz-NH, ligands, is an excellent photosensitiz-
ing unit having (i) large light absorptivity for effective light
harvesting or high sensitivity for input light, (ii) superior excited
state properties to increase the efficiency of energy transfer to
the acceptor unit, and (iii) an amino functional group suitable
for connecting the acceptor units, and demonstrated the
importance of the above factors by preparation and examin-
ing the photophysical properties of Ru(Ph)-NHCO-Os. The
photosensitizing ability of this unit can be switched on and off
reversibly by protonation/deprotonation of the dppz moiety,
which is another advantage of this photosensitizing unit. Since
a variety of acceptor units can be connected to this unit
simply by an amide bond, Ru(Ph)-NHCO can be a useful and
excellent building block for construction of energy transfer
systems.

Experimental
General method

Solvents and reagents were of reagent grade quality and used
as received unless otherwise specified. 7-dppz-NH,,'* [Ru(bpy),-
(dppz-NH,)][PF],,"*  [Ru(bpy),(dppz-NHCO-Ph-Bu)][PF],
(Ru-NHCO)," [Os(tpy),]*" ** and [Os(tpy)(H,0)s][PF]; ** were
prepared according to the literature procedures. Tpy-Ph-
COOH was prepared according to the literature procedure,'
but by an improved method using CH;OH as the crystallized
solvent instead of dmso (the yield was increased from 18 to
25%). The 'H NMR spectra were recorded on a JEOL JNM-
LA400 spectrometer in CDCI; or CD;CN. Mass spectra were
recorded on a JEOL JMS-600H spectrometer equipped with
MS-ESIP09 for ES-MS. Absorption and emission spectra were
measured with a Shimadzu UV-2500PC spectrophotometer
and Shimadzu RF-5300PC spectrofluorophotometer, respect-
ively. Cyclic voltammetry was conducted in N,-Purged CH;CN
containing 0.1 M tetrabutylammonium perchlorate as support-
ing electrolyte with a BAS Electrochemical Analyser Model
720 A. A glassy carbon or a platinum disk was used as the
working electrode, a Ag/Ag™ electrode as the reference and a Pt
wire as the counter electrode. All redox waves were referenced
to internal ferrocene added at the end of each experiment.
Redox potentials are quoted vs. the ferrocene/ferrocenium
couple (Fc/Fc* = 0.0 V). The time-resolved emission decay was

measured by irradiation of sample solutions in N,-Purged
CH,CN with a nitrogen laser pulse (Hamamatsu Photonics
LN120C2, 337 nm) through a coumarin chromophore
(447 nm). The emission was then dispersed with a Hamamatsu
Photonics C-2830 disperser and monitored on Hamamatsu
Photonics M-2548 streak camera.

Synthesis
Ru(Ph,bpy),Cl,-2H,0

A mixture of 4,4'-Ph,bpy (297 mg, 0.963 mmol), ruthenium(1r)
chloride hydrate (126 mg, 0.482 mmol) and LiCl (139 mg,
3.20 mmol) in dmf (5 mL) was refluxed for 8 h. The reaction
mixture was cooled to room temperature. Acetone (25 mL)
was added to this solution, which was placed in the refrigerator
overnight. The resulting precipitate was filtered on a glass filter,
washed with H,O and diethyl ether, and dried in vacuo to yield a
black—purple powder (355 mg, 90%). FAB-MS m/z = 788 [M],
753 [M—-CI]*.

[Ru(Ph,bpy),(dppz-NH,)I[PF,], (Ru(Ph)-NH,)

A mixture of Ru(Ph,bpy),Cl, (86 mg, 0.104 mmol) and 7-dppz-
NH, (33 mg, 0.111 mmol) in 2-methoxyethanol (36 mL) was
refluxed for 5 h. The reaction mixture was cooled to room tem-
perature, to which excess aqueous NH,PF (400 mg) was added.
The precipitate was collected by filtration on celite, washed with
water and diethyl ether, and re-dissolved with CH;CN. The fil-
trate was evaporated and the residue was dried in vacuo to give a
reddish-black powder (136 mg). The crude product was puri-
fied by preparative TLC on silica with CH;CN-0.4 M aqueous
KNO; (10:1) as eluent to give a reddish—orange powder (88 mg,
67%). R, (silica) = 0.43: CH;CN : 0.4 M aqueous KNO; =9 : 1;
Mp > 375 °C; '"H NMR (400 MHz, CD,CN, 20 °C): § = 9.63
(dd, J=8.3, 1.2 Hz, 1H), 9.56 (dd, /= 8.3, 1.2 Hz, 1H), 9.00 (d,
J =1.7 Hz, 2H), 8.96 (d, J = 1.7 Hz, 2H), 8.28 (dd, J = 54,
1.2 Hz, 1H), 8.22 (dd, J = 5.4, 1.5 Hz, 1H), 8.16 (d, J =9.0 Hz,
1H), 8.02 (dd, J = 6.2, 1.2 Hz, 2H), 7.98 (dd, J = 7.8, 1.2 Hz,
4H), 7.88-7.90 (m, 6H), 7.80 (dd, /= 6.1, 1.5 Hz, 2H), 7.76 (dd,
J=6.1, 1.5 Hz, 2H), 7.55-7.65 (m, 15H), 7.29 (d, J = 2.7 Hz,
1H), 5.53 (br s, 2H); FAB-MS m/z = 1160 [M—PF*, 1015
[M—2PF,]", 507.6 [M—2PF4**.

[Ru(Ph,bpy),(dppz-NHCO-Ph-Bu)][PF], (Ru(Ph)-NHCO)

A mixture of dppz-NHCO-Ph-Bu* (51 mg, 0.111 mmol) and
Ru(Ph,bpy),Cl, (90 mg, 0.109 mmol) in de-aerated EtOH-H,O
(1:1, 24 mL) was refluxed for 5 h. The reaction mixture was
cooled to room temperature. EtOH was evaporated from the
solution, to which excess aqueous NH,PF, (400 mg) was added.
The precipitate was collected by filtration on celite, washed with
water and diethyl ether, and re-dissolved with CH;CN. The
filtrate was evaporated and the residue was dried in vacuo to
give a reddish—orange powder (106 mg). The crude product was
purified by column chromatography on silica with CH;CN—
0.4 M aqueous KNO; (9:1) as eluent followed by crystallization
from ethanol to yield a reddish—orange powder (65 mg, 40%).
R, (silica) = 0.46: CH;CN : 0.4 M aqueous KNO; =9 : 1; Mp >
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375 °C; 'H NMR (400 MHz, CD,CN, 20 °C): 6 = 9.45
(d, J = 8.3 Hz, 1H), 9.42 (d, J = 8.3 Hz, 1H), 9.29 (s, 1H), 9.03
(d, J= 1.7 Hz, 2H), 8.99 (d, J = 1.7 Hz, 2H), 8.72 (s, 1H), 8.35
(d, J=5.4Hz, 1H),8.28 (d, J= 5.4 Hz, 1H), 8.17 (d, J=9.0 Hz,
1H), 8.07 (d, J = 5.9 Hz, 2H), 8.01 (d, J = 7.1 Hz, 2H), 7.99 (d,
J =17.6 Hz, 2H), 7.96 (d, J = 6.1 Hz, 1H), 7.80-7.92 (m, 11H),
7.54-7.67 (m, 17H), 1.35 (s, 9H); FAB-MS m/z = 1320
[M—PF,*, 1176 [M—2PF,]*, 589 [M—2PFJ**.

[Ru(Ph,bpy),(dppz-NHCO-Ph-tpy)l[PFl,

Tpy-Ph-COOH (31 mg, 0.0714 mmol) was refluxed in SOCI,
(2 mL) for 6 h. Excess SOCI, was removed in vacuo to give the
acid chloride which was used directly without characteriz-
ation in the next step. A solution of Ru(Ph)-NH, (79 mg,
0.0605 mmol) in N,N-dimethylacetamide (2.5 mL) was added
to a solution of the acid chloride in pyridine (1 mL), and the
resulting solution was stirred at 120 °C for 37 h. The reaction
mixture was cooled to room temperature, to which excess aque-
ous NH,PF, (492 mg) was added. The precipitate was collected
by filtration on celite, washed with water and diethyl ether, and
re-dissolved with CH;CN. The filtrate was evaporated and the
residue was dried in vacuo to give a orange powder (91 mg,
91%). Although TLC showed the presence of some impurities,
we used this product for the next reaction. ES-MS m/z = 1495
[M—PF{]", 675 [M—2PF**.

[Ru(Ph,bpy),(dppz-NHCO-Ph-tpy)Os(tpy)I[PFl, (Ru(Ph)-
NHCO-Os)

A solution of [Ru(Ph,bpy),(dppz-NHCO-Ph-tpy)][PF¢], (72
mg, 0.0439 mmol) and [Os(tpy)(H,0);][PF¢]; (41 mg, 0.0449
mmol) in ethylene glycol (13 mL) was stirred at 150 °C for 1 h.
The reaction mixture was cooled to room temperature, to which
excess aqueous NH,PF, (302 mg) was added. The precipitate
was collected by filtration on celite, washed with water and di-
ethyl ether, and re-dissolved with CH;CN. The filtrate was
evaporated and the residue was dried in vacuo to give a dense
brown powder (94 mg). The crude product was purified by pre-
parative TLC on silica with CH;CN-0.4 M aqueous KNO,
(3:1) and then with CH;CN-0.4 M aqueous KNO; (5:1) and
finally with NH,PF, (4 mg)—acetonitrile (1 mL) as eluent to give
a dense brown powder (5.5 mg, 5%). R; (silica) = 0.45: CH,CN :
0.4 M aqueous KNO; =5 : 1; 0.41: NH,PF{ (4 mg)-CH,CN
(1 mL); Mp > 375 °C; '"H NMR (400 MHz, CD,CN, 20 °C):
0=9.79 (dd, J = 8.3, 1.2 Hz, 1H), 9.70 (dd, J = 8.3, 1.2 Hz,
1H), 9.68 (s, 1H), 9.21 (d, 2.2 Hz, 1H), 9.10 (s, 2H), 9.02 (d,
J=1.7 Hz, 2H), 8.98 (d, J = 1.7 Hz, 2H), 8.78 (d, J = 8.3 Hz,
2H), 8.66 (d, J = 8.3 Hz, 2H), 8.53 (d, J = 8.3 Hz, 1H), 8.49 (d,
J = 8.3 Hz, 2H), 8.33-8.45 (m, 7H), 8.05 (d, J = 5.9 Hz, 2H),
7.94-8.00 (m, 6H), 7.91 (dd, J = 7.8, 1.2 Hz, 4H), 7.78-7.86
(m, 9H), 7.58-7.67 (m, 14H), 7.30 (d, J = 6.1 Hz, 2H), 7.26
(d, J =6.1 Hz, 2H), 7.10-7.14 (overlapping d (2H) and d (2H),
J = 6.1 Hz); ES-MS m/z = 2208 [M—PF4]*, 1032 [M —2PF]**.

[Ru(bpy),(dppz-NHCO-Ph-tpy)1[PF],

Tpy-Ph-COOH (77 mg, 0.149 mmol) was refluxed in SOCI,
(3 mL) for 6 h. Excess SOCI, was removed in vacuo to give the
acid chloride which was used directly without characterization
in the next step. A solution of [Ru(bpy),(dppz-NH,)][PFql,
(100 mg, 0.0999 mmol) in N,N-dimethylacetamide (1 mL) was
added to a solution of the acid chloride in pyridine (1.5 mL)
and N,N-dimethylacetamide (1.5 mL), and the resulting solu-
tion was stirred at 120 °C for 37 h. The reaction mixture was
cooled to room temperature, to which excess aqueous NH,PF
(500 mg) was added. The precipitate was collected by filtration
on celite, washed with water and diethyl ether, and re-dissolved
with CH;CN. The filtrate was evaporated and the residue was
dried in vacuo to give a orange powder (110 mg, 82%).
Although TLC showed the presence of some impurities, we
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used this product for the next reaction. FAB-MS m/z = 1191
[M—PF4]", 1046 [M—2PF,]".

[Ru(bpy),(dppz-NHCO-Ph-tpy)Os(tpy)I[PF,], (Ru-NHCO-Os)

A solution of [Ru(bpy),(dppz-NHCO-Ph-tpy)][PF,], (65 mg,
0.0487 mmol) and [Os(tpy)(H,O);][PF¢l; (44 mg, 0.0482 mmol)
in ethylene glycol (15 mL) was stirred at 150 °C for 3 h. The
reaction mixture was cooled to room temperature, to which
excess aqueous NH,PF, (200 mg) was added. The precipitate
was collected by filtration on celite, washed with water and di-
ethyl ether, and re-dissolved with CH;CN. The filtrate was
evaporated and the residue was dried in vacuo to give a dense
brown powder (83 mg). The crude product was purified by pre-
parative TLC on silica with CH;CN-0.4 M aqueous KNO,
(3:1) and then with NH,PF (8 mg)-CH;CN (1 mL) and finally
with CH;CN-0.4 M aqueous KNO; (3:1) as eluent to give a
dense brown powder (3.5 mg, 3.5%). R, (silica) =0.23: CH;CN :
0.4 M aqueous KNO; =5 : 1; 0.37: NH,PF, (8 mg)-CH;CN
(1 mL); Mp > 375 °C; '"H NMR (400 MHz, CD,CN, 20 °C):
0=9.80(s, 1H), 9.75 (dd, J=8.3, 1.2 Hz, 1H), 9.66 (dd, J = 8.3,
1.2 Hz, 1H), 9.21 (d, 2.2 Hz, 1H), 9.11 (s, 2H), 8.78 (d,
J = 8.3 Hz, 2H), 8.67 (d, J = 8.3 Hz, 2H), 8.57 (d, J = 8.3 Hz,
2H), 8.54 (d, J = 8.3 Hz, 2H), 8.49 (d, J = 8.3 Hz, 2H), 8.45
(d, J=8.3Hz, 2H), 8.39 (d, /=8.3 Hz, 2H), 8.18 (dt, /=5.4,1.2
Hz, 2H), 8.13 (dt, /=8.3, 1.2 Hz, 2H), 8.04 (t, J = 8.3 Hz, 2H),
7.96 (t, J=8.3 Hz, 1H), 7.86-7.93 (m, 6H), 7.84 (dd, J=7.6, 1.5
Hz, 2H), 7.80 (dd, J=17.8, 1.2 Hz, 2H), 7.75-7.77 (m, 4H), 7.48
(t, J=6.7 Hz, 2H), 7.25-7.31 (m, 6H), 7.12 (dt, J=6.1, 1.2 Hz,
4H); ES-MS m/z = 1904 [M—PF]*, 880.4 [M—2PF¢**.

Acknowledgements

The study was partly supported by a Grant-in-Aid for Scientific
Research (No. 10450339) from the Ministry of Education,
Science, Sports and Culture, Japan.

References and notes

1 V. Balzani, S. Campagna, G. Denti, A. Juris, S. Serroni and
M. Venturi, Acc. Chem. Res., 1998, 31, 26-34; E. C. Constable,
Chem. Commun., 1997, 1073-1080.

2 (a) M. D. Ward, Chem. Ind., 1996, 568-573; (b) F. Barigelleti and
L. Flamigni, Chem. Soc. Rev., 2000, 29, 1-12; (¢) R. Ziessel, M.
Hissler, A. El-ghayoury and A. Harriman, Coord. Chem. Rev., 1998,
178-180, 1251-1298.

3 (@) J. Otsuki, Rec. Res. Dev. Pure Appl. Chem., 1998, 2, 427-439;
(b) J.-M.. Lehn, Supramolecular Chemistry, VCH, Weinheim, 1995;
(¢) T. Akasaka, J. Otsuki and K. Araki, Chem. Eur. J., 2002, 8, 130-
136.

4 (a) M. H. Keefe, K. D. Benkstein and J. T. Hupp, Coord. Chem. Rev.,
2000, 205, 201-228; (b) C. D. Geddes, Meas. Sci. Technol., 2001, 12,
R53-R88.

5 (@) M. D. Ward, Chem. Soc. Rev., 1997, 26, 365-375; (b) M. D. Ward
and F. Barigelleti, Coord. Chem. Rev., 2001, 216-217, 127-154.

6 (@) J. Li, J. R. Diers, J. Seth, S. I. Yang, D. F. Bocian, D. Holten and
J. S. Lindsey, J. Org. Chem., 1999, 64, 9090-9100; (b) R. W. Wagner,
J. S. Lindsey, J. Seth, V. Palaniappan and D. F. Bocian, J. Am. Chem.
Soc., 1996, 118, 3996-3997.

7 (@) A. Adronov, S. L. Gilat, J. M. J. Fréchet, K. Ohta, F. V. R.
Neuwahl and G. R. Fleming, J. Am. Chem. Soc., 2000, 122, 1175-
1185; (b) X. Zhou, D. S. Tyson and F. N. Castellano, Angew. Chem.,
Int. Ed., 2000, 39, 4301-4305.

8 (a) L. D. Cola and P. Belser, Coord. Chem. Rev., 1998, 177, 301-346;
(b) S. Serroni, S. Campagna, F. Puntoriero, C. D. Pietro, N. D.
McClenaghan and F. Loiseau, Chem. Soc. Rev., 2001, 30, 367-375;
(¢) N. D. McClenaghan, F. Loiseau, F. Puntoriero, S. Serroni and
S. Campagna, Chem. Commun., 2001, 2634-2635; (d) M. Staffilani,
P. Belser, F. Hartl, C. J. Kleverlaan and L. D. Cola, J. Phys. Chem. A,
2002, 106, 9294-9250.

9 (@) S. Serroni, S. Campagna, F. Puntoriero, C. D. Pietro, N. D.
McClenaghan and F. Loiseau, Chem. Soc. Rev., 2001, 30, 367-375;
(b) V. Balzani, P. Ceroni, A. Juris, M. Venturi, S. Campagna,
F. Puntoriero and S. Serroni, Coord. Chem. Rev., 2001, 219-221,
545-572; (¢) M. Fisher and F. Vogtle, Angew. Chem., Int. Ed., 1999,



38, 884-905; (d) FE. Puntoriero, S. Serroni, A. Licciardello,
M. Venturi, A. Juris, V. Ricevuto and S. Campagna, J. Chem. Soc.,
Dalton Trans., 2001, 1035-1042; (¢) M. Sommovigo, G. Denti,
S. Serroni, S. Campagna, C. Mingazzini, C. Mariotti and A. Juris,
Inorg. Chem., 2001, 40, 3318-3323; (f) G. Kodis, P. A. Liddell,
L. de la Garza, P. C Clausen, J. S. Lindsey, A. L. Moore,
T. A. Moore and D. Gust, J. Phys. Chem. A, 2002, 106, 2036-2048;
(g) M. Diekers, C. Luo, D. M. Guldi and A. Hirsch, Chem. Eur. J.,
2002, 8, 979-991.

10 C.-S. Choi, L. Mishra, T. Mutai and K. Araki, Bull. Chem. Soc. Jpn.,
2000, 73, 2051-2058.

11 (@) M. J. Cook, A. P. Lewis, G. S.G. McAuliffe, V. Skarda,
A. J. Thomson, J. L. Glasper and D. J. Robbins, J. Chem. Soc.,
Perkin Trans. 2, 1984, 1293-1301; (b) M. J. Cook and A. J. Thomson,
Chem. Br., 1984, 914-917.

12 (@) N. H. Damrauer, T. R. Boussie, M. Devenney and J. K.
McCusker, J Am. Chem. Soc., 1997, 119, 8253-8268; (b) N. H.
Damrauer, B. T. Weldon and J. K. McCusker, J Phys. Chem. A,
1998, 102, 3382-3397; (¢) N. H. Damrauer and J. K. McCusker,
J. Phys. Chem. A, 1999, 103, 8440-8446.

13 C.-S. Choi, T. Mutai, S. Arita and K. Araki, J Chem. Soc.,
Perkin Trans. 2, 2000, 243-247.

14 G. D. Storrier and S. B. Colbran, Inorg. Chim. Acta, 1999, 284,
76-84.

15 L. M. Vogler and K. J. Brewer, Inorg Chem., 1996, 35, 818-
824.

16 J. V. Casper and T. Meyer, J. Am. Chem. Soc., 1983, 105, 5583—
5590.

17 (a) A. E. Friedman, J.-C. Chambron, J.-P. Sauvage, N. J. Turro and
J. K. Barton, J. Am. Chem. Soc., 1990, 112, 4960-4962; (b) C. Turro,
S. H. Bossmann, Y. Jenkins, J. K. Barton and N. J. Turro, J. Am.
Chem. Soc., 1995, 117, 9026-9032; (¢) E. J. C. Olson, D. Hu,
A. Hormann, A. M. Jonkman, M. R. Arkin, E. D.A. Stemp,
J. K. Barton and P. F. Barbara, J. Am. Chem. Soc., 1997, 119, 11458~
11467.

18 Emission intensities are 2.6 times higher when excited at 311 and
480 nm, because the absorptivity of Ru(Ph)-NHCO-Os at these
wavelengths are about 2 times larger than that of Ru-NHCO-Os.

19 M. Beley, J.-P. Collin, J.-P. Sauvage, H. Sugihara, F. Heisel and
A. Miehé, J Chem. Soc., Dalton Trans., 1991, 3157-3159.

Dalton Trans., 2003, 815-821

821




