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Synthesis, Characterization, and Photochemical Properties of Azobenzene-Conjugated
Ru(ll) and Rh(lll) Bis(Terpyridine) Complexes
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We synthesized azobenzene-conjugated bis(terpyridine) Ru(ll) and Rh(lll) mononuclear and dinuclear complexes
and investigated their photochemical properties on excitation of the-az¢ band upon 366 nm light irradiation.

The Ru mononuclear complex underwent trans-to-cis photoisomerization to reach the photostationary state with
only 20% of the cis form, while the Ru dinuclear complex did not isomerize at all photochemically. On the other
hand, the mononuclear and dinuclear Rh complexes showed almost complete trans-to-cis photoisomerization
behavior. Cis forms of the Rh complexes thermally returned to the trans form at a much slower rate than those
of organic azobenzenes, but they did not isomerize photochemically. The reduction potential of the cis forms was
80 mV more negative than that of the trans forms. The photoisomerization quantum yields of the Rh complexes
were strongly dependent on the polarity, viscosity, and donor site of the solvents as well as the size of the
counterions. We investigated the photoisomerization process of these complexes using femtosecond absorption
spectroscopy. For the Rh complexes, we obseryed-5, and § <— S; absorption bands similar to those of
organic azobenzenes. For the Ru complexes, we observed very fast bleaching of the MLCT band of the Ru
complex, which indicated that the energy transfer pathway to the MLCT was the primary cause of the depressed
photoisomerization. The electronic structures, which were estimated from ZINDO molecular orbital calculation,
supported the different photochemical reaction behavior between the Ru and Rh complexes.

Introduction between two complex units. If bis(terpyridine) complex units
are connected with an azobenzene as the spacer group, the
Iproducts are expected to have photochemically changeable
structure and properties. Only a few reports are available on
azo-bridged metal complex&g,while numerous publications

have appeared regarding the isomerization of organic azoben-

Transition-metal polypyridine complexes have recently at-
tracted much attention because of their unique photochemica
and electrochemical properties depending on the melal.
contrast to tris(bipyridine) complexes, bis(terpyridine) complexes
have the advantage of the possibility of constructing single-
component octahedral complex oligomers because they have

no geometric isomers. Connecting the two terpyridine moieties
with a s-conjugated spacer at theil gositions affords linear
m-conjugated multinuclear complexes. There have been many
reports on the assemblies of bis(terpyridine) complexes, in most
cases examining photoinduced electron- or energy-transfer
reactions’

The azo group is known to undergo reversible tratis
transformation, especially in azobenzene and its derivatives,
and it also acts as a-conjugated spacer when it is inserted
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Azobenzene-Conjugated Ru(ll)

zene$ as well as their mechanignand applicatior?. Further-
more, the photoisomerization behavior of the metal complexes
has been discussed in limited studiesd, in others, the azo
group has been utilized only asraconjugated spacérThis is
probably because the conditions of photoisomerization are more
restricted for the complexes with more intricate energy levels

than for simple organic azobenzenes and/or because photoi-
somerization is suppressed by the energy transfer from the azo

chromophore to the metal centérs.

We have synthesized an azobenzene-bridged bis(terpyridine)

ligand (tpy-AB-tpy) and its Ru(ll) and Rh(lll) dinuclear
complexes and investigated their photochemical propériies.

aim of our study is to clarify the factors regulating the
isomerization of the azo-bridged metal complexes and to control
the electronic interaction between the metal centers affecting
internuclear energy transfer or electron transfer in response to
the isomerization. With regard to organic azobenzenes, it has
been reported that the quantum yield of trans-to-cis photo-
isomerization increases, and that of cis-to-trans photoisomer-
ization decreases in more polar solv&fThe cis-to-trans
thermal isomerization rate also depends on the solvent and

functional groups attached to the azobenzene molecules, espe-

cially for push-pull substituted asymmetric azobenzeffes.

The preliminary results of our studies have shown that the
photoisomerization of the Ru(ll) complex is depressed by energy
transferf2whereas the trans-to-cis photoisomerization of the Rh-
(1l complexes proceeds and their photoisomerization rate is
dependent on the nature of the solvent and the countetfons.
Here, we present the physical properties of various Ru(ll) and
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Chart 1

tpyM(tpy-AB-tpy)Mtpy : di-Mtpy-nA

M= Rh%", Ru?* CFs
A = BF,, PFg, BPhy, B{DYF), | B@ ) ,Cl,Br, |
TFB ¢
TFPB
e
M) e

tpyM(tpy-AB) : mono-Mtpy-nA

M= Rh% Ru?*
A= BF4, PFg, BPh,

diagrams between the Ru(ll) and Rh(lll) complexes are also
described in this paper.

Rh(I11) complexes and additional photoisomerization behavior Experimental Section
dependent on the metal center, solvents, and counterions. We _ 3 e
have also synthesized mononuclear complexes containing an Materials. 4-(4-Anilino)-2,2:6,2"-terpyridinei'*nitrosobenzeng,

azobenzene-attached terpyridine ligand (tpy-AB) and compared
their properties with those of dinuclear complexes. Differences
in the femtosecond transient spectroscopy and molecular orbital

(5) (a) Kumar, G.; Necker, D. @Chem. Re. 1989 89, 1915. (b) lkeda,
T.; Sasaki, T.; Ichimura, KNature1993 361, 428. (c) Anzai, J.; Osa.
T. Tetrahedronl994 42, 67. (d) Ikeda, T.; Tsutsumi, Giciencel995
268 1873. (e) Osman, P.; Martin, S.; Milojevtic, D.; Tansey C.
Langmuir 1998 14, 4238. (f) Archit, A.; Vigtle, F.; De Cola, L.;
Azzellini, G. C.; Balzani, V.; Ramanujam, P. S.; Berg, R.Ghem.
Eur. J.1998 4, 699. (g) Delaire, J. A.; Nakatani KChem. Re. 2000
100, 1817. (h) Ichimura, KChem. Re. 2000 100, 1847.

(6) (a) Hayami, S.; Inoue, K.; Osaki, S.; Maeda, Ghem. Lett.1998
987. (b) Yam, V. W. -W. Y.; Lau, V. C. -Y.; Wu, L. -XJ. Chem.
Soc., Dalton. Trans1998 1461. (c) Tsuchiya, SI. Am. Chem. Soc.
1999 121, 48. (d) Aiello, I.; Ghedini, M.; La Deda, M.; Pucci, D.;
Francescangeli, CEur. J. Inorg. Chem1999 1367.

(7) (a) Das, A.; Maher, J. P.; McCleverty, J. A.; Badiola, J. A. N.; Ward,
M. D. J. Chem. Soc., Dalton. Tran$993 681. (b) Otsuki, J.; Sato,
K.; Tsujino, M.; Okuda, N.; Araki, K.; Seno, MChem. Lett1996
847. (c) Otsuki, J.; Tsujino, M.; lizaki, T.; Araki, K.; Seno, M.;
Takatera, K.; Watanabe, T. Am. Chem. Sod.997, 119, 7895. (d)
Kurihara, M.; Kurosawa, M.; Matsuda. T.; Nishihara,$inth. Metals
1999 102 1517. (e) Kurosawa, M.; Nankawa, T.; Matsuda. T.; Kubo,
K.; Kurihara, M.; Nishihara, Hinorg. Chem1999 38, 5113. (f) Noro,
S.; Kondo, M.; Ishii, T.; Kitagawa, S.; Matsuzaka, H.Chem. Soc.,
Dalton Trans.1999 1569. (g) Sun, S-S.; Lees, A. JJ. Am. Chem.
Soc 200Q 122, 8956. (h) Mosher, P. J.; Yap, G. P. A,; Crutchley, R.
J. Inorg. Chem 2001 40, 1189.

(8) (a) Yutaka, T.; Kurihara, M.; Nishihara, HMol. Cryst. Lig. Cryst.
200Q 343 193. (b) Yutaka, T.; Kurihara, M.; Kubo, K.; Nishihara,
H. Inorg. Chem.200Q 39, 3438.

(9) (a) Bortolus, P.; Monti, S1. Phys. Cheml979 83, 648. (b) Halpern,
J.; Brady, G. W.; Winkler, C. ACan. J. Res. Sec. B95Q 28, 140.
(c) Le Ferre, J. W.; Northcott, 0. Chem. Socl953 867. (d) Wildes,
P. D.; Pacifici, J. G.; Irick, G., Jr.; Whitten, D. @. Am. Chem. Soc.
197Q 93, 2004. (e) Asano, T.; Okada, T. Org. Chem.1984 49,
4387. (f) Nishimura, N.; Kosako, S.; Sueishi, Bull. Chem. Soc.
Jpn. 1984 57, 1617. (g) Asano, T.; Okada, T. Org. Chem1986
51, 4454,

tpy-AB-tpy.22and RhCitpy*! were prepared according to the literature.
Rhodium trichloride (Furuya Metals), sodium tetrakis(4-fluorophenyl)-
borate (NaTFB~, Tokyo Kasei), sodium tetraKi3,5-bis(trifluoromethyl)-
pheny}borate dihydrate (NaTFPB-, Dojin), tetrabutylammonium
chloride (Acros Organics), and other reagents and solvents purchased
from Kanto Chemicals were used as received. Guaranteed-grade
solvents (Kanto Chemicals) and spectroscopic-grade acetonitrile (Kanto
Chemicals) were used for UWis absorption spectroscopy. Acetonitrile
used for the electrochemical measurements was of HPLC grade (Kanto
Chemicals). Tetrabutylammonium tetrafluoroborate (lithium-battery
grade) for the electrochemical measurements was obtained from
Tomiyama Chemicals.

Caution Nitrosobenzene is harmful and must be stored in a
refrigerator because it has a very high vapor pressure at room
temperature.

Apparatus. UV—vis, IR, 'H NMR, and FAB mass spectra were
recorded with Jasco V-570 and Hewlett-Packard 8453—ui¢
spectrometers, a Jasco FT/IR-620v spectrometer, JEOL EX270 and
Brucker AM 500 spectrometers, and a JEOL JMEBX102 spectrom-
eter, respectively. Photoisomerization measurements were carried out
under a nitrogen atmosphere using a USHIO 500W super high-pressure
mercury lamp USH-500D as an irradiation source. The 366-nm light
was isolated with a UV-D35 Toshiba band-pass filter. The 430-, 440-,
and 450-nm lights were isolated with KL-43, KL-44, and KL-45
Toshiba interference filters, respectively.

Electron Spray lonization (ESI) Mass Spectrometry Measure-
ments. ESI mass spectra (ESI MS) were obtained with a Micromass
LCT (time-of-flight mass spectrometer). Each sample was infused as
an acetonitrile-H,O solution (8:2 v/v), except for an acetonitritél,O
solution (5:5 v/v) for the halide salts of the Rh complexes, because of
the low solubility of halide salts in acetonitrile. Cone voltage was varied

(10) Coleman, G. H.; McCloskey, C. M.; Stuart, F. @rg. Synth.Coll.

Vol. 3, 688.
(11) Odobel, F.; Sauvage, J. -P.; HarrimanTa&trahedron Lett1993 34,
8113.
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in the range of 30 to 60 V to obtain clear peaks, but the intensities and of [trans-mono-Rhtpyj" and [trans-mono-Rutp¥] wereCs, and those
patterns in the spectra were not essentially changed within this range.of [Rh(tpy)]®" and [Ru(tpy)]?" were Doy Semiempirical molecular
Electrochemical MeasurementsA glassy carbon rod (diameter 5  orbital calculations were carried out using the ZINDO/1 method with
mm; Tokai Carbon GC-20) was embedded in Pyrex glass, and the crossthe same program using default parameters.
section was used as a working electrode. Cyclic voltammetry measure-
ments were carried out in a standard one-compartment cell under Ar Syntheses
equipped with a platinum-wire counter electrode and an Ag/Ag tpy-AB. 4'-(4-Anilino)-2,2:6',2"-terpyridine (1.3 g, 4.0 mmol) was
reference electrode with a BAS CV-50W voltammetric analyzer. dissolved in acetic acid (10 mL). After the addition of nitrosobenzene
Determination of Photoisomerization Quantum Yields.A 1-mm (0.48 g, 4.5 mmol), the solution was stirred overnight. Water (20 mL)
light path-length quartz cell was used for the photoisomerization was added to the reaction mixture, and the acidic mixture was
measurements. The concentrations of the samples werel@* M neutralized with sodium carbonate. The products were extracted with
for dinuclear complexes andx2 104 M for mononuclear complexes, chloroform (300 mL) and separated by column chromatographyDeAl
and the sample solution was degassed byhbbling before photoir- CHCl—diethylamine 20:1 eluent). The first orange band was collected,
radiation. The trans-to-cis photoisomerization obeyed the first-order evaporated, and orange powders were obtained; yield 0.79 g (48%).
kinetics, with the isomerization rate constday, being evaluated from Anal. Calcd for GHioNs:1/4H,0: C, 77.59: H, 4.70: N, 16.75.
the change in absorbance by the following equatfon: Found: C, 77.35; H, 4.66; N, 16.724 NMR (CDCl): 6 8.79 (s,
2H), 8.73 (d, 2HJ = 4.0 Hz), 8.68 (d, 2HJ = 16.8 Hz), 8.06 (s, 4H),
7.95 (dd, 2HJ = 8.3, 1.7 Hz), 7.88 (td, 2H] = 7.9, 2.0 Hz,), 7.5%
7.48(m, 3H); 7.35(ddd, 2H]l = 8.6, 4.6, 1.0 Hz). FAB MSrtV2): 414
whereAo, A, andA., denote the absorbance at tihe= 0, t, ande, M+ H)". _ ,
respectively. Bothks, and A. were evaluated by a nonlinear least- A General Synthetic Procedure for [(Rhtpy)(tpy-AB-tpy)]X ¢ (di-
squares calculation. To correct the influence of the change in light Rhtpy-6X; X = PFs, BF4, BPhy, TFB, TEPB) and [tpyRh(tpy-AB)]-
intensity of Hg lamps, we measured the isomerization rates of Xs (mono-Rhtpy-3X, X=PFs, BFs, BPhs). A mixture of RhChtpy
azobenzene in acetonitrile (MeCN) before and after measuring the (0-071 g, 0.14 mmol), AgGSQO; (0.15 g, 0.59 mmol), and\,N-
complexes, and we adopted the ratios in the rate constants of thedimethylacetamide (6 mL) was reflgxed for 1 h. After the solution was
complexes to azobenzene to compare the isomerization rates. Thecooled to room temperature and filtered, tpy-AB-tpy (0.047 g, 0.072
photoisomerization rate of azobenzene in MeCN was found to be 7.04 Mmol) was added to the filtrate and the solution was refluxed for 2 h.
x 103 s at a light intensity of 0.11 W. Quantum yields of After being cooled_ to room temperature and filtered, an excess amount
photoisomerizationd; ) for di-Rhtpy-6PFs and mono-Rhtpy8PFs in of the salt of the given counterion, NPIFs, NH.BF,, NaBPh, NaTFB,
dimethyl sulfoxide (DMSO) were determined by using[fe(G:05)4] or NaTFPB, in water (30 mL) was added to the solution. The precipitate
as a chemical actinometer, from the absorbance changes within 1096Was collected by filtration and recrystallized from acetonitriéther

In{(Ao = AI(A = A} = Kisol @)

trans-to-cis structural change. We estimated dhe. values of the

to yield orange-brown products with each counteranion. The mono-

complexes in other conditions by assuming that the photoisomerization Nuclear complexes, [tpyRh(tpy-AB)bXwere prepared in a method

rate was proportional t®. for the di-Rhtpy and mono-Rhtpy families,
respectively, since their UVvis absorption spectra do not significantly
depend on the solvent and counterion.

similar to that used with di-RhtpgPFs except for using tpy-AB instead
of tpy-AB-tpy.

[(Rhtpy) o(tpy-AB-tpy)](PF 6)6 (di-Rhtpy -6PFs). Yield: 68%. Anal.
Calcd for G2H50N14Rh2'6PF5‘3H202 C, 3859, H, 251, N, 875,

Femtosecond Transient Absorption SpectraThe arrangement for
the femtosecond pumgprobe experiment was essentially the same as Found: C, 38.97; H, 2.51, N, 8.381 NMR (CD:CN): 6 9.20 (s,
that reported elsewhet@ Briefly, the laser system consisted of a 2H), 9.19 (d, 2H,J = 3.1 Hz), 8.93-8.90 (m, 6H), 8.86-8.78 (m,
hybridly mode-locked, dispersion-compensated femtosecond dye laser*H), 8.64 (d, 4H,J = 8.0 Hz), 8.56-8.41 (m, 8H), 8.348.27 (m,
(Coherent, Satori 774) and a dye amplifier (Continuum, RGA 50 8H), 7.76 (d, 4HJ = 4.9 Hz), 7.64 (d, 4HJ = 5.1 Hz), 7.56-7.51
and PTA 60). The dye laser (gain dye Pyridine 2 and saturable absorbedM. 8H). ESI MSm/z 948.13 ([di-Rhtpy4PF]*" requires 948.05),
DDI) was pumped with a cw mode-locked Nd:YAG laser (Coherent, 583.75 ([di-Rhtpy3PF]*" requires 583.71). .

Antares 76S). The sample was excited by the second harmonic (360  [(RNtpy) 2(tpy-AB-tpy)](BF 4)s (di-Rhtpy -6BF.). Yield: 68%. Anal.
nm) of the fundamental (center wavelength 720 nm, pulse widb0 Calcd for GaHsgN1aRh6BF,-3.5H,0: C, 45.49; H, 3.11; N, 10.31;
fs fwhm) at a repeition rate of 10 Hz. The residual portion of the Found: C, 45.72; H, 3.52, N, 10.281 NMR (DMSO): 4 9.75 (s,
fundamental output was focused on a 1-caOrtell to generate a  4H, H), 9.29-9.27 (m, 8H, H, H%9), 9.09 (t, 2H,J = 8.1 Hz, H"),
femtosecond supercontinuum probe pulse. The planes of polarization9-01 (d, 4H,J = 7.8 Hz, H9), 8.76 (d, 4H,J = 8.6 Hz, H), 8.49-
of the pump and probe beams were set to the magic angle (54.7) t08-37 (M, 12H, H/H™, H*), 7.99 (d, 4H,J = 5.1 Hz, H?), 7.88 (d, 4H,
avoid any anisotropic contribution to the transient signal. Both the J = 5.1 Hz, H), 7.63-7.56 (m, 8H, H; H®). ESI MSn/z 832.13
beams were focused on the sample in a 2-mm cuvette at an angle of([di-Rntpy-4BF.]*" requires 832.10), 525.74 ([di-Rh4B8BR,J*" requires
less than & Transient spectra were obtained by averaging over 200 525.75), 372.56 ([di-Rhtp@BF,|*" requires 372.56), 280.64 ([di-Rhtpy
pulses and analyzed by an intensified multichannel detector (PrincetonBF4°" requires 280.64). o _
Instruments, ICCD-576) as a function of the probe-delay time. The The cis form was prepared by photoirradiation of the trans-di-Rhtpy
spectra were corrected for the intensity variations and time dispersions 6BFs. *H NMR (DMSQ): 6 9.45 (s, 4H, H), 9.25 (d, 4HJ = 8.2 Hz,
of the supercontinuum. Rise and decay curves at a fixed wavelength 19, 9.18 (d, 4HJ = 8.3 Hz, H), 9.07 (t, 2H,J = 8.2 Hz, H'), 8.98
were measured with a photodiode-monochromator (Japan Spectroscopic{d: 4H,J = 7.2 Hz, H?), 8.48-8.37 (m, 12H, H;, H™, H%), 7.97 (d,
CT-10) combination. The concentration of the sample for transient 4H,J=5.4Hz, H), 7.83 (d, 4HJ = 4.5 Hz, H), 7.58-7.54 (m, 8H,
absorption spectra was kept withir-1.5 x 10~* M. The solution was H°H>), 7.14 (d, 4HJ = 8.6 Hz, H’_)- )

allowed to flow through a 2-mm flow cell using a magnetically coupled ~ [(RNtpY) 2(tpy-AB-tpy)](BPh 4)s (di-Rhtpy -6BPh,). Yield: 44%.
gear pump (Micropump, 046832) to avoid any possibility of sample ~ Anal. Calcd for GieHizN1BeRh,*6H;0: C, 77.66; H, 5.49; N, 5.86;
damage during the transient absorption measurement. Found: C, 77.38; H, 5.41, N, 6.2H NMR (CD:CN): 6 8.99 (s, 4H),

Molecular Orbital Calculations. The molecular structures of the ~ 8.77-8.68 (m, 8H), 8.56-8.44 (m, 8H), 8.3+8.26 (m, 6H), 8.11 (td,
complexes were optimized by the MMmethod with the default ~ 8H,J = 8.4, 1.7 Hz), 7.56 (d, 4H) = 5.4 Hz), 7.48 (d, 4H] = 5.4
parameters packaged in the computer program HyperChem Release 612), 7.29-7.26 (m, 8H), 7.23-7.16 (m, 48H), 6.88 (t, 48H) = 7.4
(HyperCube, Inc.). The point groups of the complexes were assumedH2), 6.73 (t. 24H,J = 7.1 Hz). ESI MSm/z 658.13 ([di-Rhtpy}*

as follows: [trans-di-Rhtp§} and [trans-di-Rutpy] were Cy,, those requires 658.12), 438.74 ([di-Rhtgy]requires 438.75), 329.06 ([di-
Rhtpyt requires 329.06), 263.26 ([di-Rhtpy] requires 263.25),

219.38 ([di-Rhtpy}™ requires 219.38).
[(Rhtpy) 2(tpy-AB-tpy)|(TFB) s (di-Rhtpy-6TFB). Yield: 60%.
Anal. Calcd for GigH14éN14BsF24RM*3DMA-3H,0: C, 69.12; H, 4.50;

(12) (a) Tamai, N.; Masuhara, KEhem. Phys. Lettl992 191, 189. (b)
Mitra, S.; Tamai, N.Chem. Phys. Lettl998 282 391.
(13) Gille, K.; Knoll, H.; Quitsch, K.Int. J. Chem. Kinet1999 31, 337.
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N, 6.01. Found: C, 68.86; H, 4.38; N, 5.781 NMR (CDsCN): ¢
9.12 (d, 4H,J = 5.1 Hz), 8.87-8.82 (m, 6H), 8.68 (d, 4H) = 8.9
Hz), 8.58 (d, 4H,J = 8.4 Hz), 8.41-8.34 (m, 8H), 8.288.23 (m,
8H), 7.69 (d, 4HJ = 6.5 Hz), 7.59 (d, 4H) = 5.5 Hz), 7.49-7.43
(m, 8H), 7.21-7.06 (M, 48H), 6.73 (td, 48H] = 8.4, 1.9 Hz). ESI
MS m/z 658.14 ([di-Rhtpyf™ requires 658.12).

[(Rhtpy) 2(tpy-AB-tpy)I(TFPB) ¢ (di-Rhtpy -6 TFPB). Yield: 54%.
Anal. Calcd for GedH12N14BsF144R*2DMA: C, 48.97; H, 2.11; N,
3.36. Found: C, 48.75; H, 2.50; N, 3.44 NMR (CDsCN): ¢ 9.10
(s, 4H), 8.878.79 (m, 6H), 8.69 (d, 4HJ = 8.6 Hz), 8.56 (d, 4H,)
= 8.9 Hz), 8.39-8.30 (m, 8H), 8.26:8.17 (m, 8H), 7.88 (d, 4H]) =
7.6 Hz), 7.66-7.57 (m, 76H), 7.457.39 (m, 8H). ESI MSn/z1302.12
([di-Rhtpy-3TFPBP* requires 1302.15), 760.85 ([di-Rht&TFPB}*
requires 760.84), 436.05 ([di-RhtiyT FPBF" requires 436.06), 329.04
([di-Rhtpy]** requires 329.06), 263.24 ([di-Rhtpy]requires 263.25).

[tpyRh(tpy-AB)](PF ¢)s (mono-Rhtpy-3PFs). Yield: 81%. Anal.
Calcd for GoHsoNg FigPsRh: C, 42.59; H, 2.55; N, 9.46. Found: C,
42.37; H. 2.65; N, 9.31'H NMR (CDsCN): 6 9.17 (s, 2H), 8.9%
8.87 (m, 3H), 8.76 (d, 2H] = 7.3 Hz), 8.62 (d, 2HJ = 7.3 Hz), 8.42
(d, 2H,J = 8.9 Hz), 8.33-8.27 (m, 6H), 8.058.02 (m, 2H), 7.73 (d,
2H,J = 5.9 Hz), 7.68-7.61 (m, 5H), 7.53-7.47 (m, 4H). ESI MSw/z
1038.63 ([mono-Rhtp2PFR] " requires 1039.59), 447.00 ([mono-Rhtpy
1PR)?" requires 447.32).

[tpyRh(tpy-AB)](BF 4)3 (mono-Rhtpy-3BF,). Yield: 75%. Anal.
Calcd for GHzoNg BsFi2 Rh-3/2H,0: C, 48.64; H, 3.21; N, 10.80.
Found: C, 48.65; H, 3.42; N, 10.62 NMR (CDs;CN): 6 9.20 (s,
2H), 8.95-8.91 (m, 3H), 8.80 (d, 2H) = 7.9 Hz), 8.66 (d, 2HJ =
7.9 Hz), 8.45 (d, 2HJ = 8.5 Hz), 8.34-8.28 (m, 6H), 8.05 (dd, 2H,
J=28.2,2.0Hz), 7.77 (d, 2H] = 5.6 Hz), 7.76-7.64 (m, 5H), 7.54
7.51 (m, 4H). ESI MSm/z 923.18 ([mono-Rhtp2PF]* requires
923.28), 418.12 ([mono-RhtpyPFKs]?" requires 418.24).

[tpyRh(tpy-AB)](BPh 4)3 (mono-Rhtpy-3BPhy). Yield: 55%. Anal.
Calcd for G14HgoNg BsRh-4H,0O: C, 76.95; H, 5.55; N, 6.30. Found:
C, 77.25; H, 5.71; N, 6.09H NMR (CDsCN): ¢ 9.09 (s, 2H), 8.8%
8.70 (m, 3H), 8.61 (d, 2H] = 7.6 Hz), 8.47 (d, 2HJ = 8.1 Hz), 8.38
(d, 2H,J = 8.1 Hz), 8.29 (d, 2HJ = 8.1 Hz), 8.17 (dd, 4H) = 7,3,
1.5 Hz), 8.06-8.02 (m, 2H), 7.677.64 (m, 5H), 7.52 (d, 2H] = 5.1
Hz), 7.406-7.34 (m, 4H), 7.29-7.23 (m, 24H), 6.96 (t, 24H) = 7.3
Hz), 6.80 (t, 12HJ = 7.3 Hz). ESI MSnm/z 749.12 ([mono-Rhtpy]
requires 749.16), 374.58 ([mono-Rhtpy]Jrequires 374.58), 249.69
([mono-Rhtpy}* requires 249.72).

A General Method for [(Rhtpy) 2(tpy-AB-tpy)]X ¢ (X = ClI, Br,
). The crude product of [(Rhtpy(tpy-AB-tpy)](PFs)s was dissolved
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CaH3oNgF1.P,RU-4H,0: C, 48.61; H, 2.91; N, 10.80. Found: C, 48.37;
H, 3.05; N, 10.62*H NMR (CDsCN): ¢ 9.06 (s, 2H), 8.75 (d, 2H]

= 8.3 Hz), 8.66 (d, 2HJ = 7.9 Hz), 8.49 (d, 2HJ = 7.6 Hz), 8.44-
8.39 (m, 3H), 8.27 (d, 2H] = 8.6 Hz), 8.04-8.01 (m, 2H), 7.93 (ddd,
2H,J=17.3, 7.6, 1.7 Hz), 7.697.63 (m, 3H), 7.43 (d, 2H) = 4.6
Hz), 7.35 (d, 2HJ = 4.3 Hz), 7.17 (t, 4HJ = 6.6 Hz). ESI MSm/z
893.07 ([mono-Rutpyl PR * requires 892.79), 374.09 ([mono-Rutpy]
requires 373.92).

Results and Discussion

Synthesis and Characterization.The asymmetrical ligand,
tpy-AB, was prepared by the method described elsew}ere.
While tpy-AB-tpy is soluble only in limited solvents such as
chloroform, benzonitrile (PhCN), arid,N-dimethylformamide
(DMF), tpy-AB is soluble in various solvents such as MeCN,
DMSO, and propylene carbonate (PC) in addition to the solvents
just listed. The Rh dinuclear complexes of tpy-AB-tpy were
successfully prepared by the two-step reaction of Riv@th
tpy and subsequently with tpy-AB-tpy. We prepared the Rh
mononuclear and dinuclear complexes with several kinds of
counterions in order to examine the effects of the counterion
on the photoisomerization behavior (vide infra). Preparation of
the halide (X) salts was carried out by the anion-exchange
reactions of the PF salts with BUuN™X~. Yields of the Rh
complexes containing BRh were lower than the others,
probably due to the instability of BRh under oxidative
conditions!®> Most Rh complexes are orange-brown, but the
halide salts look slightly reddish. The solubility of the halide
salts is lower in almost all organic solvents than that of the
other salts, but the halide salts are soluble in water. The
mononuclear complexes are more soluble in common organic
solvents than are the dinuclear complexes.

All the Ru and Rh complexes of tpy-AB-tpy and tpy-AB were
fully characterized by*H NMR, IR, UV—vis, ESI MS, and
elemental analysis. In th#d NMR spectra of the complexes,
signals of the protons attached to the terpyridine moieties appear
at lower magnetic fields than those of the free ligands, due to
the electron-withdrawing effects of the metal centers.

UV —vis absorption spectra of mono-Rut@iFs, tpy-AB, and

in acetone, and excess tetrabutylammonium halide in acetone was adde@Ry(tpy),]2* are shown in Figure 1A, inset. The molar extinction
to the solution. The precipitate was filtered and recrystallized from  coefficient,e, of the MLCT band for mono-RutpgPF; at 488

acetonitrile-ether.

[(Rhtpy) 2(tpy-AB-tpy)]Cl ¢ (di-Rhtpy-6Cl). Yield: 52%. Anal.
Calcd for GHsoN14CleRh:6H,O: C, 52.80; H, 3.82; N, 11.97.
Found: C, 52.72; H, 3.80; N, 12.33H NMR (D20): 6 9.26 (s, 4H),
8.92-8.78 (m, 6H), 8.75 (d, 4H) = 8.2 Hz), 8.64 (d, 4HJ = 8.9
Hz), 8.36-8.18 (m, 16H), 7.71 (d, 4H] = 4.6 Hz), 7.65 (d, 4HJ =
5.3 Hz), 7.47-7.45 (m, 8H). ESI MSwWz 474.36 ([di-Rhtpy3CI]**
requires 474.38), 346.55 ([di-RhtfBCI]*" requires 346.55), 270.23
([di-Rhtpy-1CI]>* requires 270.24).

[(Rhtpy) o(tpy-AB-tpy)]Br ¢ (di-Rhtpy-6Br). Yield: 63%. Anal.
Calcd for GoHsoN14BreRh*3H,O: C, 46.73; H, 3.05; N, 10.60.
Found: C, 46.89; H, 3.39; N, 10.844 NMR (D;0): 6 9.26 (s, 4H),
8.92-8.86 (m, 6H), 8.75 (d, 4H) = 7.9 Hz), 8.64 (d, 4HJ = 8.6
Hz), 8.37-8.19 (m, 16H), 7.71 (d, 4H] = 6.0 Hz), 7.65 (d, 4HJ) =
5.3 Hz), 7.56-7.43 (m, 8H). ESI MSmz 518.96 ([di-Rhtpy3Br]3*
requires 519.00), 369.01 ([di-Rht{BBr]*" requires 369.02), 279.40
([di-Rhtpy-1Br]>* requires 279.43).

[(Rhtpy) 2(tpy-AB-tpy)]l 6 (di-Rhtpy -61). Yield: 50%. This complex
was not soluble enough in any deuterized solvents to measutelthe
NMR spectrum. Anal. Calcd for gHsoN14l6R3HO-DMA: C, 41.12;
H, 2.95; N, 9.46. Found: C, 40.93; H, 3.17; N, 9.09. ESI M3438.76
([di-Rhtpy** requires 438.75), 329.06 ([di-Rhtgy]requires 329.06),
288.64 ([di-RhtpylBr]>* requires 288.63), 263.24 ([di-Rhtjy]re-
quires 263.25), 219.37 ([di-Rhtg] requires 219.38).

[tpyRu(tpy-AB)](PF )2 (mono-Rutpy-2PF) The complex was
prepared according to the literatéeyield 44%. Anal. Calcd for

nm is larger than that of [Ru(tpyf™ at 474 nm, suggesting
the effect of conjugation between the [Ru(tgy) moiety and
the azo group in mono-RutpdPk. A similar tendency is
observed in di-RutpyPF, as shown in Figure 1B, inset. It
should be noted that the—x* transition band due to the azo
moiety in mono-Rutpy2PF appears around 360 nm as a
relatively clear shoulder, while that of di-RutgyPFs is
considerably overlapped with the absorption of the [Ruéigy)
moiety82 Contrary to [Ru(tpyj]?", [Rh(tpy)]3" shows no
distinct MLCT or d—d band, whereas a ligand-centered (LC)
n—s* or w—s* transition band appears in the UV region, as
shown in Figure 2, inset. The LC band and the azor* band
are distinguishable in di- and mono-Rhtpy complexes.

ESI MS were measured to estimate the strength of the ion-
pairing and to identify the products. The intensity ratio of the
ion-pair peaks was used for the evaluation of the facileness of
the successive loss of counteridfighe results summarized in
Table 1 indicate that the ion-pairing ability increases in the order

(14) Kersten, H.; Boldt, PJ. Prakt. Chem1996 338 129.

(15) (a) Nishida, H.; Takada, N.; Yoshimura, Bull. Chem. Soc. Jpn.
1984 57, 2600. (b) Strauss, D. A.; Zhang, C.; Tilley, T. D.
Organomet. Chem1989 369 C13. (c) Tobita, H.; Ishiyama, K.;
Kawano, Y.; Inomata, S.; Ogino, HDrganometallics1998 17, 789.
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Figure 2. (A) UV —vis spectral change of mono-Rht{PF (2.8 x
0 : 104 M) in DMSO upon irradiation at 366 nm for 5 min. Inset: the
700
300 400 500 600 spectra of mono-RhtpgPFs (a), tpy-AB (b), and Rh(tpy)3PF (c).
Wavelength / nm (B) UV —vis spectral change of di-RhtgPF; (1.1 x 1074 M) in PC
. . upon irradiation at 366 nm for 40 min. Inset: the spectra of di-Rhtpy
Figure 1. (A) UV —vis spectral change of mono-Rut@Pks (2.2 x AR
104 M) in DMSO upon irradiation at 366 nm for 1 h. Inset: the spectra 6PF (2), ty-AB-tpy (b), and Rh(tpy)3PF (c).
of mono-Rutpy2PF; (a), tpy-AB (b), and Ru(tpy)2PFs (c). (B) UV— Table 1. ESI MS Data of Rh Dinuclear (di-Rhtpy) Complexes with
vis spectral change of di-RutpdPFs (1.3 x 107 M) in acetonitrile Different Counterions
upon irradiation at 366 nm for 1 h. Inset: the spectra of di-Rutpy - - -
4PF5 (a), tpy-AB_tpy (b)7 and Ru(tpy)ZPFB (C) counterion pattern II"IteI"ISIty
BF4~ [di-Rhtpy-4BF]2* 0.67
di-Rhtpy-6BPh; < di-Rhtpy-6TFB < di-Rhtpy6 TFPB < halide [d!-Rhtpy'3BF4]j: 36
< di-Rhtpy-6PF; < di-Rhtpy-6BF,. The BPh salt shows no [g!-smpy:igg]ﬁ 1gg
ion-pair peaks, but instead there is a successive reduction of PR Ed::Rht%APFgH 67
the complex cation. We compared these ion-pairing effects with [di-Rhtpy-3PR]3* 100
the photoisomerization behavior. BPh,~ [di-Rhtpy* 5.8
Photochemistry of the Ligands and the Ru Complexes. [d!-Rhtpy]i 2.6
Before studying the photochemistry of the complexes, we %g::smpy]w 132
examined the isomerization reactions of both free ligands, tpy- [di-Rhtgz]H 18
AB-tpy®2and tpy-AB, in chloroform. Trans-to-cis isomerization TEB- [di-Rhtpy 2+ 100
occurs upon 366-nm light irradiation excited at the azer* TFPB- [di-Rhtpy-3TFPBP* 65
transition, and cis-to-trans isomerization occurs upon 450-nm [d!-Rhtpy'ZTFPB]“: 100
light irradiation excited at the azo-m* transition. The slow Eg::smpy’]}f FPBF o2
thermal cis-to-trans isomerization of the ligands proceeds at [di_Rhtgz]&—ﬁ 16
room temperature in the dark. These isomerization behaviors cl- [di-Rhtpy-3CIJ3*+ 66
are similar to those of organic azobenzene derivatives. [di-Rhtpy-2CI]** 77
The photochemical behavior of Ru and Rh complexes was 5 %g!-smpyggl]]i 105(5)8
; ; ; ot r- i-Rhtpy-3Br .
very different from that of free ligands. Upon irradiation at 366 [di-Rhtpy-2Br]* 46
[di-Rhtpy-1Br]>* 100
(16) (a) Aston, P. R.; Brown, C. L.; Chapman, J. R.; Gallagher, R. T.; - [di-Rhtpy-1115* 20
Stoddart, J. F.;Tetrahedron Lett.1992 33, 7771. (b) Leize, E; [di-RhtpyP* 5.1
Dorsselare, A. V.; Roland, K.; Lehn, J. -M. Chem. Soc., Chem. [di-Rhtpy]*+ 31
Commun1993 990. (c) Bitsch, F.; Hegy, G.; Buchecker, C. D.; Leize, [di-Rhtpy]5*+ 68
E.; Sauvage, J. -P.; Van Dorsselaer New J. Chem1994 18, 801. [di-Rhtpy]F* 100

(d) Arakawa, R.; Miura, S.; Matsubayashi, G.; Matsuo,Blinseki

Kagaku1996 45 619. (€) Ralph, S. F.; Sheil, M. M. Hick, L. A nm - 3 dinuclear Ru complex, di-Rut@PF, exhibits no
Rodney, J. G.; Sargeson, A. M. Chem. Soc., Dalton Tran$996 L . . . 2
4417. (f) Marquis—Rigault. A.; Dupond- Gerbais, A.; Baxter, P. N.  Significant change in U¥vis absorption anéH NMR spectra;

W.; Van Dorsselaer, A.; Lehn, J. -Mnorg. Chem.1996 35, 2307. whereas a mononuclear complex, mono-Re2p\rs, exhibits
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Figure 3. Contour-line plot of excitatioremission spectra of mono-
Rutpy-2PFK in EtOH-MeOH (4:1 v/v) at 77 K.

slight spectral changes according to trans-to-cis isomerization,
as shown in Figure 1A. In the photostationary state, the ratio
of cis to trans forms was estimated to be 0.21 from the intensity
of NMR spectra of the irradiated sample in DM3f-Figure

3 shows the contour-line plot of the excitatioemission
spectrum of mono-Rutp2PFs in frozen EtOH-MeOH (4:1(v/

v)) matrix at 77 K. The intensity is much lower than that of
Ru(tpyy-2PFKs. It is worth noting that the emission is observed
not only by the excitation at the MLCT band around 450 nm
but also at the azea—xa* transition around 340 nm, while the
emission of Ru(tpy)2PFs derives only from the MLCT state.
Accordingly, we deduce that suppression of the photoisomer-
ization of the Ru complexes is caused by the energy transfer
from the azobenzene moiety to the [Ru(if¥) moiety (vide
infra). The cis-to-trans backward isomerization of mono-Rutpy
2PFs occurs slowly in the dark at room temperature, and it is
accelerated by the azo—r* excitation with 440-nm light
irradiation.

Trans-to-Cis Photoisomerization of the Rh Complexes and
Characterization of the Cis Form. Upon irradiation at 366
nm, all of the mononuclear and dinuclear Rh complexes showed
significant UV—vis spectral changes corresponding to the trans-
to-cis isomerization, and the absorbance ofsther* transition
band decreased and that of theat transition band increased
(Figure 2). The photoirradiated products were isolated by
precipitation from the DMSO solution by adding 1,4-dioxane.
The formation of cis forms was supported by other spectral
results of the isolated products, as described below. Ifkhe
NMR spectrum of the product from trans-di-RhtpBF, in
DMSO-dg, signals of H, H%2 H%, and H (see Chart 1) are
shifted to the higher magnetic field o = 0.10, 0.16, 0.30,
and 1.62, respectively, and only®Hs shifted to the lower
magnetic field byAd = —0.09 (see Experimental). This result
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Figure 4. IR spectra of the trans (dotted line) and cis forms (solid
line) of di-Rhtpy6PF in a KBr matrix.
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Figure 5. Cyclic voltammograms (a) and differential pulse voltam-
mograms (b) of trans-di-Rhtp§BF,4 (solid line) and cis-di-Rhtp\sBF4
(dotted line) in 0.1 M BuNBF,—MeCN.

-1.2

—0.80 V for the trans form and another-a0.88 V for the cis
form, as shown in Figure 5. Mono-Rht{8BF, also shows an
irreversible Rh(Ill)/Rh(I) reduction wave at0.80 V for the
trans form and at-0.88 V for the cis form. The lack of
difference in the reduction potential between the mononuclear
and dinuclear complexes indicates that the internuclear electronic
interaction in the dinuclear complex through the azobenzene
moiety is negligible. The negative shift of the metal-centered
redox potential by the trans-to-cis isomerization suggests that

can possibly be explained by the shorteconjugation length  the azo group has less electron-withdrawing effect in the cis
and weaker electron-withdrawing effect of the azo moiety in form compared with the trans form. This tendency is similar to

the cis form compared with the trans form, according to the hat of azoferrocene, whereas the potential shift of azoferrocene
twisted structure around the azo moiety. The magnitude of the j5 9 3 v, larger than that of the Rh complex&s.

shift of signals tends to be more significant for protons closer  cis.to-Trans Isomerization of the Rh ComplexesCis-to-

to the azo moiety, especially for the’ Hroton (A0 = 1.62 ppm).  rans photoisomerization upon 430-nm light irradiation exciting
In the IR spectra of the cis complexes, a weak absorption of

the N=N stretching mode, which is IR-inactive in trans
complexes due to their inversion symmetfgppears at 1534

(17) (a) Tecklenburg, M. M. J.; Kosnak. D. J.; Bhatnagar, A.; Mohanty,
D. K. J. Raman. Spectrost997 28, 755. (b) Hamm. P.; Ohline, S.

cm™t (Figure 4).
A cyclic voltammogram of di-Rhtp¥BF, in BuyNBF;—
MeCN displays an irreversible Rh(lll)/Rh(l) reduction wave at

M.; Zinth, W. J. Chem. Phys1997 106 519. (c) Biswas, N;
Umapathy, SJ. Phys. Chem. R200Q 104, 2734.

(18) Kurihara, M.; Matsuda, T.; Hirooka, A.; Yutaka, T.; Nishihara,J.
Am. Chem. So200Q 122, 12373.



4992 Inorganic Chemistry, Vol. 40, No. 19, 2001 Yutaka et al.

0
-1

[} P

Q S

c <

g <

5 g 2

(n Q

g o di-Rhtpy+6BPh,
sl X di-Rhtpy+6PFg

1
0 ] ] ] 0 10 20 30

300 400 500 600

Wavelength / nm Time / min

] . . ) Figure 7. Plots of log@—A.) vs time for di-Rhtpy6BPh and di-
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x 1074 M) in PC heating at 120C for 12 h.
. . solvents such as PhCN, MeCN, DMR,N-dimethylacetamide
the azo r-z* transition was not observed for any of the  p\a) DMSO, and PC with different physical properties. The
mononuclear or dinuclear Rh complexes in this study. In roq 115 given in Table 2 indicate that thg .. values of the Rh

contrast, at elevated temperatures in the dark, slow spectral,mnjexes are below 0.006, much less than those of the organic
change with the isosbestic point at 420 nm ascribable to the azobenzenesl{ .. = 0.1—0.2)1°

thermal cis-to-trans isomerization occurs (Figure 6). This thermal The quantum yield is strongly dependent on the counterions

isomerization is much slower than that of the free ligands. The ;¢ ghown in Table 3. The photoisomerization of di-RF8@BPh,
minimum temperature at which the isomerization occ.urred iN s more efficient than that of di-Rhtp§PF; and di-Rhtpy6BFs.
PC for 1 day depends markedly on the type of counterion: 120 p; pp.6BPh, was subject to trans-to-cis photoisomerization
C for the dinuclear Rh complexes containingsP&nd BR", even in the KBr pellet, while the free ligand did not exhibit
above 90°C for those containing Cl Br, and I, and 25°C significant isomerization behavior in the KBr pellet. We note
for those containing BRh, TFB™, and TFPB. again the contribution of the ion-paring ability to the apparent
We considered the contribution of the ion-paring ability to yolume of the complexes with regard to the counterion effects
the apparent volume of the complexes with regard to the on the photoisomerization. The electrostatic interaction between
counterion effects. The dependence of the ion-pairing strengththe complex cation and the counterion evaluated from the ESI
of the complex cation on the counterion was evaluated basedps data is consistent with the tendencydaf-., indicating that
on the ESI MS spectral data given in Table 1. The electrostatic the anion with the lower ion-pairing ability reduces the apparent
interaction between the complex cation and the counterion is yotor volume for the isomerization, resulting in a more facile
weaker for BPl~ than BR™ and Pk~, and the order among  jsomerization. As for the complexes containing tetraarylborate
them is consistent with the tendency of the cis-to-trans isomer- ionS, no ion_pairing peaks were detected by ESI MS except for
ization temperature. This phenomenon can be interpreted asthe TFPB salt, and thus the ion-pairing strength is estimated to
follows: the largeness of the anions leads to the weaker pe in the order BPfT &~ TFB~ < TFPB-. This order is the
electrostatic interaction between the complex cations and thereyerse of the order ob,.., TFPB- < TFB~ < BPh,~. We
counterions and the smaller apparent rotor volume of the therefore concluded that the electron-withdrawing effect of
complex cation around the azo group for isomerization. The gypstituted fluorine atoms causes the stronger ion pairing, which
other anions form ion pairs with the complex cation more easily, plays a negative role in photoisomerization. As for the com-

and, thus, the rotor volume of the complex is larger than that plexes with halide ions, thé, . value increases in the order
of the free cation by itself due to the contribution of the anions. of |- < B~ < CI~. This order seems contradictory to the order

Complexes containing halide ions were isomerized at lower estimated from the ion-pairing strengttt, ¥ Br~ < CI~. In

temperatures than those containingsP®r BF;~, probably  this case, we deduce that the ion pairing with halide ions is
because halide ions are smaller tha Pér BF,™, leading to  somewhat stronger than that with other anions because of the
a smaller rotor volume of the complex. smaller ion size, and the difference in ion-paring strength among
Mono-Rhtpy complexes also underwent the thermal cis-to- the halide ions is not significant. As a result, the increase in
trans isomerization, depending on the counterions. The tem-the size of the halide ions, Cl< Br~ < |-, largely contributes
perature showing a significant spectral change for 1 day is 25 to the increase of the apparent rotor volume.
°C for the BP™ salt and above 12€C for the Pk~ and BR~ The photochemical or thermal isomerization of symmetrical
salts. Compared with the thermal cis-to-trans isomerization rate or less polar organic azobenzenes is not affected by the polarity
constants of tpy-AB-tpy (7.% 104 s ! at 50°C) in DMF and of the solvents:°2%|n the present study, however, significant
organic azobenzenes given in the literatltbe rate constant  solvent effects were observed on the photoisomerization kinetics
of di-Rhtpy-6BPh, in DMF is much smaller (6.% 10~"s ! at of the Rh complexes (see Table 2). The first notable effect is
50 °C).

Quantum Yields of the Trans-to-Cis Photoisomerization. (19) S)ggizgﬁ/tllr?k.P-sP-: gtylﬁ, D.E\IN.PCrfranséhFﬁggsz/ 22%353‘; 5(0,)

H H FE alkin, S.; FiIscher, . yS. e ) . (C

The a_lbsorpt_lon_spectral change in the |n|t|a_l sta_ge _of the Gegiou, D.; Muszkat, K. A.: Fischer, B. Am. Chem. S0d.968 90,
photoisomerization follows the first-order reaction kinetics, as 3907. (d) Ronayette, J.; Arnaud. R.; Lebourgeois. P.; Lemaitzad.
shown in Figure 7, due to the quite slow photo- and thermal J. Chem.1974 52, 1848. (e) Bortolus, P.; Monti, S. Phys. Chem.
cis-to-trans isomerization, as mentioned above. Quantum yields 1979 83 648. () Rau, H.J. Photochem1984 26, 221. (f) Rau, H.;

. . — Yu-Quan, SJ. Photochem. Photobiol. A988 42, 321. (g) Lednev,
of the trans-to-cis photoisomerization were measured for mono- I. K.; Ye, T. -Q.; Abbott, L. C.; Hester, R. E.; Moore, J. §. Phys.

and dinuclear Rh complexes with various counterions in several Chem. A199§ 102 9161.
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Table 2. Quantum Yields of Dinuclear and Mononuclear Rh Complexes Dependent on Various Solvents and Counterions

106D

dielectric viscosity di-Rhtpy di-Rhtpy di-Rhtpy mono-Rhtpy mono-Rhtpy mono-Rhtpy
solvent constang? (n/mPa s) 6BF, 6PFKs 6BPh 3BF 3PK 3BPh
PhCN 25.9 1.27 0.34 0.062 3.9 0.29 b b
MeCN 36.6 0.369 0.016 0.011 51 b b 5.7
DMF 38.3 1.794 34 3.9 5.5 2.7 29 2.3
DMA 38.9 1.96 35 4.4 5.4 4.2 4.0 4.2
DMSO 47.2 1.99 0.58 1.6 3.3 1.9 1.6 21
PC 68.8 2.53 0.052 0.11 15 0.042 b 0.25

aLide, D. R.CRC Handbook of Chemistry and Physizth ed.; CRC Press, 1998No significant photoisomerization behavior was observed

(D < 10°9).

Table 3. Quantum Yields of Dinuclear Rh Complexes with
Different Counterions in PC

Table 4. Trans-to-Cis Photoisomerization Rate of Di-RhgRF
with Triplet Photosensitizers in PC

counterion 10D
BF4 0.054
PR 0.11
BPh, 1.5
TFB 0.96
TFPB 0.32
Cl 0.28
Br 0.12
| 0.11

the solvation to the cationic form of the Rh(lll) complexes.
Stronger solvation of the complex cations occurs in more polar

solvents, and it leads to an enlargement of the apparent rotor

volume of the complex. The second notable effect is to weaken

the electrostatic interaction between the complex cation and the

counterion by the strong solvation to both ions, which results
in the decrease in the apparent rotor volume of the complex.
The complicated dependence®f .. on the solvent would be
due to the combination of these two opposite solvent effects.
Although the polarity of MeCN, DMF, and DMA can be
regarded to be similar judging from their dielectric constants,
d.c in these solvents varies over a wide range, especially for
PR~ and BR™ salts. This phenomenon may be due to the
structural difference between the N-donor, MeCN, and the
O-donor, DMF or DMA. If we make a comparison between
the rate constants in similar N-donors, PhCN and MeCN, the
@ value is smaller in more polar MeCN. There have been

some reports of a general tendency for the photoisomerization

of organic azobenzenes to be depressed in more viscou
solutions!32° This tendency may appear as the lowdst..
value in the most viscous PhCN in the series of data for the
BPh,~ salt, and there is little dependency®f .. value on the
polarity of the solvent.

The solvent effects o®; .. of mono-Rhtpys were basically
similar to those of di-Rhtpys. It is notable that mono-Rhtpy
showed a small dependence df.. on the counterion,
especially in the solvents where relatively quick photoisomer-
ization occurs (DMA, DMF, DMSO, and PC). This should be
due to slight interaction of the counterion of mono-Rhtpy with
the neutral azophenyl moiety.

Sensitized Trans-to-Cis Photoisomerization in the Triplet
State. Several studies on the triplet-sensitized photoisomeriza-
tion of olefing! and azobenzent¥-¢22have been carried out.

In the present study, several kinds of triplet photosensitizers
were added to the solution of di-Rhi®PFs in PC, and the
photoisomerization rates were obtained by a method similar to

(20) (a) Asano, T.; Cosstick, K.; Furuta, H.; Matsuo, K.; Sumi,Bdill.
Chem. Soc. Jpril996 69, 551. (b) Murarka, R.; Bhattacharyya, S.;
Biswas, R.; Bagchi, BJ. Chem. Phys1999 110, 7365. (c) Denny,
R. A.; Bagchi, B.J. Phys. Chem. A999 103 9061.

relative rate

photosensitizer E: (kJ mol )2 constant
acetophenone 310 1
benzophenone 287 14
anthraquinone 261 25
benzil 223 1
no sensitizer 1

aMurov, S. L.; Carmichael, I.; Hug, G. LHandbook of Photo-
chemistry New York: Dekker, 1993.

that described above. Results are given in Table 4. The
photoisomerization reaction of di-Rhtf§PFs is enhanced by

the addition of benzophenone or anthraquinone as a photosen-
sitizer. The photosensitized trans-to-cis isomerization process
of di-Rhtpy-6BF,; with anthraquinone was monitored B

NMR spectroscopy in DMS@s. The spectral change demon-
strated the trans-to-cis photoisomerization of di-RFGBF,
without change in the signals of anthraquinone. The addition
of acetophenone with high triplet energy or benzil with low
triplet energy caused no enhancement of photoisomerization.
Based on these results, we can expect that the triplet energy of
di-Rhtpy-6PFR; would be approximately 260 kJ mdl Although

the photoisomerization rates of the Rh complexes by themselves
are much lower than those of organic azobenzenes, the rates of
the Rh complexes can come close to those of the organic
azobenzenes with the addition of the proper triplet photosen-
sitizer. In contrast, we did not observe trans-to-cis triplet-
sensitized photoisomerization of the Ru complexes, probably

Secause the efficiency of the energy transfer from therazo*

excited state to the Ru MLCT state is enhanced by the
photosensitizer.

Femtosecond Transient Absorption Spectroscopyr-em-
tosecond transient absorption spectroscopy has been used for
the direct observation of the photoisomerization reaction of
azobenzene$9-23Figure 8 shows femtosecond transient absorp-
tion spectroscopy of di-Rhtp§PF; and di-Rutpy4PFs. For the
Rh complex, the behavior is similar to that of organic azoben-
zenes; at first a very broad,S— S, (m—x* state) absorption
band at~500 nm (within 1 ps) appeared and decayed rapidly.
Next, an intense S— S; (n-7* state) absorption band at450

(21) (a) Arai, T.; Karatsu, T.; Sakuragi, H.; Tokumaru, Retrahedron
Lett. 1983 24, 2873. (b) Sundahl, M.; Wennersim O.; Sandros, K.;
Arai, T.; Tokumaru, KJ. Phys. Chenml99Q 94, 6731. (c) Anger, |.;
Sundabhl, M.; Wennerstr, O.; Sandros, K.; Arai, T.; Tokumaru, K.
J. Phys. Chem1992 94, 7027. (d) Arai, T.; Tokumaru, KChem.
Rev. 1993 93, 23. (e) Jonson, H.; Sundahl, MJ. Photochem.
Photobiol. A1996 93, 145.

(22) (a) Ronayette, J.; Arnaud. R.; Lemaire Can. J. Chem1974 52,
1858. (b) Arnaud. R.; Lemaire, Can. J. Chem1974 52, 1868. (c)
Archut A.; Azzellini, G. C.; Balzani, V.; De Cola, L.; \gtle, F.J.
Am. Chem. Socdl998 120, 12187.
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Figure 8. Transient absorption spectra of di-RhipFs (2) and di-Rutpy4PF; (b) in acetonitrile, excited by the second harmonic (360 nm) of the
fundamental (center wavelength 720 nm, pulse wid00 fs fwhm). Each spectrum was obtained by averaging over 200 pulses.

nm (within 2 ps) appeared. The lifetimes of & S states and and 11S, Supporting Information. The total energy is greatly
the decay dynamics of the complexes are similar to those of stabilized by the attachment of the complex unit at the para-
organic azobenzené%jn which the trans-to-cis photoisomer-  position of the azobenzene molecule. As for the Rh complexes,
ization is regarded to occur from the; State even in the  the HOMO is composed of the-orbital of the azo group, and
excitation to the & state. These results indicate that the there are no orbitals related to d-orbitals in the wide energy
photoisomerization of the Rh complex occurs from thetgte. range below the HOMO level. Accordingly, it appears that
For di-Rutpy4PF;, very fast bleaching of the Ru MLCT band the z—x* transition of the azo group of mono-Rhtpy and di-
at 500 nm occurred. We also measured the transient absorptiorRhtpy complexes is not much affected by the Rh(pyit.
spectra of Ru(tpy)2PFs in acetonitrile to analyze the dynamics As for the Ru complexes, although the HOMO is also com-
of the energy transfer. The bleaching signal of the ground stateposed of thez-orbital of the azo group, there is significant
was 10 times smaller for Ru(tpy2PFs than for di-Rutpy4PFs. contribution of Ru d-orbitals near the HOMO level. More-
We detected a rise component of 200 fs at the MLCT band of over, the energy levels of the azd-orbital and terpyridine
di-Rutpy-4PFs;, whereas no rise component was observed for ligand *-orbital are relatively close, suggesting that the azo
Ru(tpy)-2PFs. Accordingly, we believe that the azobenzene unit 7—a* and MLCT transitions can interact with each other.
is mainly excited at 360 nm in azobenzene-conjugated Ru These results are consistent with the experimental results noted
complex and that the ultrafast excitation energy transfer from above.
the azobenzene unit to the Ru(tpynit is responsible for the
suppression of the trangis photoisomerization. These results Conclusion
support the discussion above.

Molecular Orbital Calculation. Theoretical calculations
have been carried out to determine the tracis reaction path
of azobenzenek!c24and to investigate the photochemistry and
energy transfer of the complex&sin the present study, we
calculated the molecular orbitals at the optimized structure o
the azobenzene, Rh, and Ru complexes (trans form) at the
semiempirical ZINDO/1 level. The simple energy diagrams are
shown in Figure 9, and the details are shown in Figures 10S

The Rh mononuclear and dinuclear terpyridine complexes
involving an azobenzene undergo trans-to-cis photoisomerization
by the direct excitation of the azobenzene unit with 366-nm
light. Cis-to-trans isomerization by heat and light occurs in few

§ cases, enabling us to isolate the cis forms of the complexes.
The cis form has more negative reduction potentials than the
trans form by 80 mV. The photoisomerization quantum yield

is strongly dependent on the solvents and counterions. In the
case of the Ru complexes, no significant trans-to-cis photoi-
somerization occurs, indicating that the photoisomerization

(23) (a) Ledney, I. K.; Ye, T. -Q.; Hester, R. E.; Moore, J. N.Phys.
Chem.1996 100 13338. (b) Wachtveitl, J.; Ngele, T.; Puell, B.;

Zinth, W.; Kruger, M.; Bdner, S. R.; Oesterhelt, D.; Moroder, L. (25) (a) Constable, E. C.; Housecroft, C.Falyhedron199Q 9, 1939. (b)
Photochem. Photobiol. A997 105, 283. (c) Ledney, I. K.; Ye, T.- Calzaferri, G.; Rytz, R.J. Phys. Cheml995 99, 12141. (c) Sizova,
Q.; Matousek, P.; Towrie, M.; Foggi, P.; Neuwahl, F. V. R.; Umapathy, 0. V.; Baranovski, V. I.; Ivanova, N. V.; Panin, A. Int. Quantum
S.; Hester, R. E.; Moore, J. NChem. Phys. Lett1998 290, 68. (d) Chem 1997, 63, 853. (d) Rensmo, H.; Lunell, S.; Siegbahn, H.
Azuma, J.; Tamai, N.; Shishido, A.; lkeda, Chem. Phys. Letf.998 Photochem. Photobiol. A998 114, 117. (e) Constantino, V. R. L.;
288 77. Toma, H. E.; de Oliveira, L. F.; Rein, F. N.; Rocha, R. C.; de Oliveira,
(24) (a) Morley, J. OJ. Mol. Struct. (THEOCHEM1995 340, 45. (b) Silva, D. J. Chem. Soc., Dalton Tran4999 1735. (f) Marcaccio,
Kucharski, S.; Janik, R.; Motschmann, H.; RgduC.New J. Chem M.; Paolucci, F.; Paradisi, C.; Roffia, S.; Fontanesi, C.; Yellowlees.
1999 23, 765. (c) Shaabani, A.; Zahedi, MJ. Mol. Struct. L. J.; Serroni, S.; Campagna, S.; Denti, G.; BalzaniJVAm. Chem.
(THEOCHEM)200Q 506, 257. (d) Kurita, N.; Tanaka, S.; Itoh, 3. Soc 1999 121, 10081. (g) Rak, J.; Voityuk, A.; Rszh, N.Int.

Phys. Chem. £00Q 104, 8114. Quantum Chem200Q 77, 128.
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Figure 9. The molecular orbital energy diagram of azobenzene, [mono-Ritdyj-Rhtpyf*, and [Rh(tpy)]** (a) and that of azobenzene, [mono-
RutpyF", [di-Rutpyl*", and [Ru(tpy)] 2" (b) estimated from ZINDO calculation.

behavior is strongly dependent on the metal centers. TransientCulture, Japan, the Tokyo Ohka Foundation, and the Hayashi

absorption spectroscopy has indicated that the energy transfeMemorial Foundation for Female Natural Scientists (to Yutaka).

pathway to the MLCT of the Ru complex moiety is the primary

cause of the depressed photoisomerization. Supporting Information Available: Molecular orbital energy

diagrams of Rh complexes (Figure 10S) and Ru complexes (Figure
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