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We have prepared the mononuclear complexes [RugodB)][PFsl2, [Ru(bpy)(AB)][PFe]2, and [Ru(ABX][PFe]2
(designatedRu—AB, Ru—AB,, andRu—AB3;, respectively) [where bpy is 2;Bipyridine andAB is the asymmetric
bis(bipyridyl) bridging ligand 2,23',2":6",2""-quaterpyridine] in which there are one, two, or three (respectively)
bpy-type fragments pendant from thBu(bpy)} 2" core. In every case the less hindered site A of the ligaRd

is coordinated to Ru(ll) and the more hindered site B is pendant. Reaction with R&(@@)rds the heteronuclear
complexes [Ru(bpy] ABRe(COXCI}[PFg)2, [Ru(bpyX ABRe(COXCI} 2][PFe]2, and [RY ABRe(COXCI} 3][PFe]2
(designatedRu—ABRe, Ru—ABRe;, and Ru—ABRe;, respectively) in which each pendant site B is now
coordinated to § Re(COXCI} fragment. Because of the conformational properties ofABeligand, in the
tetranucleaRu—ABRe; complex the Ru-based chromophore occupies an internal position in a sort of molecular
ball, the three Re-based groups being located outside. Electrochemical studies show that the Rex@aCl}
fragments exert an electron-withdrawing effect on{tRei(bpy}} 2" core such that the Ru(Il)/Ru(lll) redox couple
moves to more positive potentials as the number of penflaa{CO}CI} fragments increases. We employed
steady-state and time-resolved luminescence spectroscopy to investigate théRRentercomponent energy
transfer taking place in the mixed-metal complexes and found that-HRu energy transfer takes place with
100% efficiency in all cases. For the tetranuclear complex, it is thus possible to convey a substantial portion of
the electronic excitation energy from the molecular periphery to the center. It is also found that the peripheral
Re-containing units exert a shielding effect against luminescence quenching processes at the Ru center by molecular

oxygen dissolved in the solvent. During the syntheses, the unexpected byproduct [RHAB)CI][PFs] was
also isolated in which one of thAB ligands is coordinated in a hitherto unseen terdentate mode; this was
crystallographically characterized. Data for [Ru(ABHAB)CI|[PF¢]-2MeCN: CisH34CIFgN1oPRu; triclinic, P1;
a = 10.578(3) A,b = 14.330(2) A,c = 14.761(3) A;o. = 84.56(2}, B = 70.408(12), y = 86.03(2); V =

2096.8(8) B, z = 2.

Introduction

The design of multicomponent systems containing electro-

active and photoactive units has attracted the attention of many

research groups.In these multicomponent systems, the active
units are linkedvia covalent bonds and a great variety of organic
or inorganic active units can be employedThe field has

progressively expanded and has become part of supramolecula
chemistry, which also includes organized systems where recepto
and substrate units are held together by weak intercomponent

forces?® In the presence of suitable spatial organization for
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the components and properly arranged energy gradients for the
occurrence of photoinduced proces3ethe assembling of
photoactive units in large arrays may lead to the implementation
of useful functionalities. For instance, in favorable cases it is
possible to develop photochemical molecular devices (PRDs)
which can perform light energy collectiénjong-distance
electronic energy transférand charge separatidhpr can act

As sensors of the molecular environmemt through the “readibil-
ity” of their luminescence propertiés.

Many multicomponent systems incorporating photoactive and
electroactive units based of mhetal transition complexes have
been constructed based on the attractive electrochemical and
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excited-state properties of polypyridine complexes of ruthenium-
(112 and osmium(l1}:3 In these systems the six coordination

Cleary et al.

allowed by the bridging units, these dendrimer species perform
as efficient light-harvesting systems capable of driving light

positions can be occupied by three bidentate ligands like bpy energy to the lowest energy position, usually an Os(ll) center.

and phen, or by two tridentate ligands like tpy (bpy is'2,2
bipyridine, phen is 1,10-phenanthroline, and tpy is:B,2'"'-
terpyridine). The use of tpy-type coordination for Ru(ll) and
Os(ll) metal ions offers important geometrical advantagésy
instance it is possible to construct linear and rigid arrays for
vectorial transfer of energd41> However, if strongly lumi-

The heteronuclear complexes reported here employ R&(ll)
and Re(l}° centers, connected by the asymmetric':3,2"":
6",2"-quaterpyridine AB,2° Chart 1. The two chelating sites
are sterically inequivalent, and the metal centers exhibit site-
dependent spectroscopic and electrochemical properties, as
shown in our previous studies dealing with Rut#band Ru/

nescent systems are required, then bpy (or phen) coordinationRe?? dinuclear species. In these dinuclear species, ABe
is preferred because of the outstanding luminescence propertieglitopic ligand holds the metal centers relatively close each other,

of their Ru(ll)- or Os(ll)-based chromophorée&13.16

Whereas for the building up of dinuclear species a wide
variety of ditopic connecting units, including flexible and rigid
spacerg;1* 17 has been employed, for the preparation of higher
nuclearity species a smaller range of bridging units is available,
mostly of the dpp type [dpp is 2,3-bis(dipyridyl)pyrazine or 2,5-
bis(dipyridyl)pyrazinelé which contain two bidentate bpy-type

dum ~ 7—8 A, and X-ray results have shown that “stacking”
involving a bpy subunit of onéB bridging ligand and one
coordinated bpy ligand of [(bp¥Ps(AB)Ru(bpy)]?" takes
place?! resulting in strong intermetal electronic coupling. In
order to study the energy transfer processes involving the vari-
ous components, we have prepared the following heteronuclear
complexes: [Ru(bpg] ABRe(COXCI}]%", [Ru(bpyXABRe-

compartments. Recently very high nuclearity species have been(CO)Cl};]?", and [Ry ABRe(CO}Cl}3)?" (designatedRu—
developed, based on Ru(ll) and Os(ll) centers connected by dppABRe, Ru—ABRe,, and Ru—ABRe;3, respectively) in which

bridges, that exhibit nuclear configurations of the dendrimer
type816.18 Owing to the strong intercenter electronic coupling
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one, two, or three Re(l) centers are pendant fronfiRau-
(bpy)}?t-type core, together with their mononuclear Ru(ll)
counterparts [Ru(bpylAB)]%", [Ru(bpy)(AB)%]%", and [Ru-
(AB)3]?" (designatedRu—AB,?! Ru—AB,, and Ru—ABg;,
respectively), as hexafluorophosphate salts (Chart 1). We report
here the syntheses, characterization, and electrochemical proper-
ties of these complexes, together with their spectroscopic
properties (absorption spectra, emission spectra, and lumines-
cence lifetimes).

Experimental Section

Materials and Synthetic Procedures. Ruthenium trichloride
hydrate and Re(C@FI were purchased from Johnson Matthey and used
as received. Ligand\B,?%?2 complexesRu—AB and Ru—ABRe,?
and [Ru(bpy)Cl;]% were prepared as previously described.

Ru(AB).Cl,. This was prepared according to the method used for
[Ru(bpy}Cl;].2® A mixture of commercial hydrated ruthenium trichlo-
ride (0.116 g, 0.48 mmol)AB (0.300 g, 0.96 mmol), and LiCl (0.17
g, 4 mmol) was heated to reflux in DMF (30 éyrior 6 h under N to
afford a deep purple solution. After evaporation to dryness, the mixture
was purified by chromatography on alumina using.CHMeOH (95:

5, v/v). Yield: 0.130 g (34%). ESMSm/z= 757 [M — CI]*, 361
[M — 2CI?+.

[Ru(AB) 2(bpy)][PFel2. A mixture of Ru(ABYCl, (0.100 g, 1.3
mmol) and bpy (0.021 g, 1.3 mmol) was heated to reflux in EtOH for
4 h to afford an orange solution. On addition of aqueous K&
orange solid precipitated, which was filtered off and dried. The crude
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Chart 1. The LigandAB and the Investigated Complexes
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product was purified by chromatography on alumina using MeCN/
toluene (2:1, viv). Yield: 0.045 g (30%). ESM$n/z= 1023 [M —
PR]*, 439 [M — 2PRj]2".

[Ru(AB)3][PF¢l. and [Ru(AB)(n3-AB)CI][PF¢. A mixture of
commercial hydrated ruthenium trichloride (0.100 g, 0.41 mmol) and
AB (0.430 g, 1.39 mmol) in ethylene glycol (20 &nhwas heated to
reflux for 1 h to afford an orange solution. On cooling followed by
addition of aqueous KRfFa dark orange solid precipitated. TLC
analysis [silica, MeCN/kD/saturated aqueous KN@14:2:1, v/v)]

CH.CI, to afford a purple solution, which was evaporated to dryness
to give 0.018 g (5%). ESMS of [Ru(ABJ[PFs]z: m/z= 1177 [M —
PRj]*, 515 [M — 2PR]2". ESMS of [Ru(AB)¢3-AB)CI[PFe]: 757

[M — PR]*, 722 [M — Cl — PRg]".

[Ru(bpy){ ABRe(CO)sCl},][PFe]2 (Ru—ABRey). A mixture of
[Ru(AB),(bpy)][PFs]2 (0.050 g, 0.43 mmol) and Re(C&Q)l (0.062 g,
1.71 mmol) in DMF was heated to 12%& with stirring for 3 days.
After evaporation of the solver vacug the residue was purified by
chromatography on silica using a mixture of MeCMNMsaturated

showed a slow-moving major orange component and a trace amountaqueous KN@(14:2:1, v/v), as described above. Yield: 0.035 g, 46%.
of a fast-moving purple byproduct. These were readily separated by ESMS: m/z= 744 [M — 2PR]?*.

column chromatography [silica, MeCNjB/saturated aqueous KNO
(14:2:1, viv)]. The combined fractions of each pure material were
concentratedn vacug and the complex was precipitated by addition
of KPFs. For [Ru(AB)][PFe]., which was present in substantial
amounts, the pure solid was filtered off and dried; giving a yield of
0.430 g (79%). For [Ru(AB)£-AB)CI][PF¢], which was present in

[Ru{ ABRe(CO)sCl} 3][PFe]2(Ru—ABRes). Amixture of [Ru(AB)]-
[PRe2 (0.100 g, 0.076 mmol) and Re(C£) (0.163 g, 0.45 mmol) in
DMF was heated to 12%C with stirring for 3 days. After evaporation
of the solventin vacuq the residue was purified by chromatography
on silica using a mixture of MeCNA®/saturated aqueous KNQL4:
2:1, vlv), as described above. Yield: 0.066 g (42%). ESM8z=

trace amounts, the suspension was extracted with a small volume of975 [M — 2PR]?".
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Satisfactory elemental analyses of all new complexes were obtained.Table 1. Crystallographic Data for
Equipment and Methods. *H NMR spectra were recorded on Jeol  [Ru(AB)(17°-AB)CI][PFg]-2MeCN
GX270 or Lambda 300 spectrometers. Fast atom bombardment (FAB)

. A empirical formula GaH34ClIFsN1oPRuU

mass spectra were recorded on a VG Autospec instrument, with fw 984.30
3-nitrobenzyl alcohol as matrix. Electrospray mass spectra were space group P1
performed with MeCN solutions of the complexes on a VG Quattro a A 10.578(3)
instrument. Electrochemical measurements were made with a PC- b, A 14.330(2)
controlled EG&G/PAR 273A potentiostat, using platinum bead working c, A 14.761(3)
and auxiliary electrodes, and an SCE reference electrode. The o, deg 84.56(2)
measurements were performed using acetonitrile distilled over calcium B, deg 70.408(12)
hydride, with 0.1 mol dm? [NBu][PFs] as supporting electrolyte. v, deg 86.03(2)
Ferrocene was added at the end of each experiment as an internal v, A® 2096.8(8)
reference, and all redox potentials are quotedthe ferrocene/ z 3 2
ferrocenium couple (Fc/F3. p“ﬁ’"%ﬁm (1)228

Ground-state absorption spectra were obtained in DMEZTH?9: 4 K 1'73(2)
1, v/v) solutions on a Perkin-Elmer Lambda 9 spectrophotometer. /1,’/3\ 0.710 73
Luminescence experiments were performed in the same solvent both R1, WRZD 0.046, 0.104
at room temperature and at 77 K. When necessary, solutions were ) ) o
degassed either by bubbling Ar for 10 min or by evacuating theiair ® Structure was refined ofy” using all data; the value of R1 s given

repeated freezepump—thaw cycles. Uncorrected luminescence spectra fOr comparison with ?)Ider refmementzs based 'anW'tzh alllztyplcal
were obtained with a Spex Fluorolog Il spectrofluorimeter, and thrfsholdzoinz 40(':)'2 wR2 =[5 [W(Fs _FCZ)ZJ/ZZW(FO )72 where
uncorrected band maxima are used throughout. Correction of the W = — [0%(Fs®) + (aP)? + bP] and P = [max(F,*,0) + 2F<)/3; the
luminescence intensity profile was done according to previously weighting factors are = 0.0032,b = 5.6841.

described proceduré3. Luminescence quantum yields; were evalu- Table 2. Selected Bond Lengths (A) and Angles (deg) for
ated by comparing areas under the corrected luminescence spectra ofry(AB)(;2-AB)CI][PFe]-2MeCN

an energy scale and according to the following equation:
Ru(1)-N(81) 2.043(3) Ru(LyN(21) 2.052(3)

RU(L-N(7L)  2.055(3)  Ru(yN(11)  2.059(3)
& — An/(area) 1) Ru(1-N(41)  2.112(3)  Ru(BCl(1) 2.4073(11)

S
An/(area) N(21)-Ru(1)-N(81) 89.30(12) N(7LyRu(1)-N(81) 77.68(12)
N(21)-Ru(1)-N(71) 99.89(12) N(11rRu(1)-N(81) 89.75(12)
where A is the absorbance) is the refractive index of the solvent  N(21)-Ru(1)-N(11) 78.39(13) N(71LrRu(1)-N(11) 167.36(12)
employed (taken as a compositional average for DMR@E 9:1, viv), N(41)-Ru(1)-N(81) 173.11(13) N(21yRu(1)}-N(41) 85.23(12)
and s and r stand for sample and reference, respectively. The referenceN(41)—Ru(1)}-N(71) 99.11(12) N(11rRu(1)-N(41) 93.24(12)
compound was [Ru(bpyCl- in air-equilibrated waterd = 0.028)2* N(81)-Ru(1)-Cl(1) 92.77(9) N(21)Ru(1}-Cl(1) 172.56(9)
Absorbance values were0.1 at the employed excitation wavelength, N(71)-Ru(1)-CI(1) ~ 87.54(9) N(11}Ru(1}-CI(1) 94.46(10)
=380 and 465 nm. Luminescence lifetimes were obtained with IBH N(41)~Ru(1)-Cl(1) ~ 93.18(9)
single-photon equipme#t. The solutions of all complexes were stable
over several days. The experimental uncertainty in the band maximum TO prepare these we needed mononuclear Ru(ll) complexes wth
for absorption and luminescence spectra is 2 nm; that for luminescenceone, two, or three pendant bpy-type binding sites, which
intensity is 20%. The time resolution of the single-photon spectrometer necessitated prior preparation of [Ru(bgfB)] 2", [Ru(bpy)-
is 200 ps, and the uncertainty on the evaluated lifetimes is 8%. (AB)]%", and [Ru(AB}]2", in which theAB ligand is coordi-
Crystal Structure of [Ru(AB)(#°AB)CI][PF ¢]-2MeCN. Recrys- nated to Ru(ll) by the A site and the B site is pendant. This is
;algéigzzt?;t[sdu(:;:iigsiﬁ??e)iﬂrEnb)ésltf:\ffc?rr?gIithzﬁ\f:gggr:otorple the normal mode of coordination 88 to a single metal center
_ m utl X °0 PUIDIE hacause site A is much less sterically hindered than site B. Of
block-like crystals of [Ru(AB)¢3-AB)CI][PFg]-2MeCN. A suitable these complexes [Ru(bp@B)] 2" has been described befdfe22

crystal (dimensions 0.5 0.4 x 0.2 mn¥) was coated with paraffin . . .
oil and mounted on a glass fiber under a stream of col¢-N.00°C). The homoleptic complex [Ru(AB)*" was simply prepared by

Data were collected using a Siemens SMART three-circle diffractometer '€@ction of 3 equiv of the free ligandB with ruthenium

with a CCD area detector (graphite-monochromatized Mo Y trichloride. Synthesis of [Ru(bpy)(ABJF" required initial
radiation,. = 0.710 73 A); 10014 data were collected @2 = 50°, preparation of [Ru(AB)Cl;], by the same route that is com-
which gave, after merging, 7140 unique data with = 0.026. Data monly used for preparation of [Ru(bp®l,], i.e., reaction of
were corrected for Lorentz and polarization effects, and for absorption AB with ruthenium trichloride in a 2:1 ratio in DMF in the
effects by an empirical method based on multiple measurements of presence of a large excess of LiCl. Subsequent reaction of [Ru-
equivalent data. Details of the crystal parameters, data collection, and (AB),Cl] with 1 equiv of bpy then afforded [Ru(bpy)(ABF".
refinement are in Table 1. The structure was solved by conventional p4|0nqed reaction of each of these with a stoichiometric excess
direct methods (SHELXTL) and refined by the full-matrix least-squares of [Re(COXCI] (typically 2 equiv per binding site to be

method on allF? data (SHELX93) using a Silicon Graphics Indy - : .
computer?® All non-hydrogen atoms were refined anisotropically; occupied) in DMF at 125C then afforded the mixed-metal

hydrogen atoms were included in calculated positions and refined with RWR€ complexes, which could be purified chromatographically.
isotropic thermal parameters. Selected bond lengths and angles are ifAlthough each complex can consist of several diastereoisomeric

Table 2. forms (each individual metal center is chiral), these did not
separate during chromatography.
Results The main characterizational tool was electrospray mass

Syntheses and Characterization of Mononuclear Ruand ~ SPectrometry. In the last few years this has become a popular
Polynuclear Ru/Re Complexes. The series of complexes tool for the characterization of high-nuclearity and/or highly
described here (Chart 1) contain one, two, or tHrRe(bpy)- charged coordination complex&s.The principal mass spectral

(COXCI} chromophores pendant fron{ Ru(bpy}} 2*-type core. peaks (§ee Experimental Section) in every case confirm the
formulations of the complexes. Generally, loss of both hexaflu-

(24) Nakamaru, KBull. Chem. Soc. Jprl982 55, 2697.
(25) SHELXTL program systemrersion 5.03; Siemens Analytical X-ray (26) Przybylski, M.; Glocker, M. OAngew. Chem., Int. Ed. Endl996
Instruments: Madison, WI, 1995. 35, 807.
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Figure 1. Computed minimum-energy structure of the complex cation
of Ru—ABRe;. The metal atoms are black; the nitrogen atoms are

shaded. Figure 2. Crystal structure of the complex cation of [Ru(ABHAB)-

Cl][PFe]-2MeCN (thermal ellipsoids are at the 40% probability level).

orophosphate anions was observed, giving a doubly-charged
fragment which appeared therefore at thizvalue correspond- NG
ing to half of the value that would be expected fortd
fragment.
We were unable to obtain crystals Rti—ABRe, andRu—
ABRe;3, but the computed structure of tRei—ABRe;z dication
(from a molecular mechanics energy minimization calculation
using MM2 parameters, on a CAChe workstation) is shown in
Figure 1. The geometrical arrangementAd ligands around
the Ru(ll) center was assumed to be the more sterically favorable
meridional (rather than facial) isomer. The configurations of
the (chiral) Re centers are arbitrary; it was found that no
significant differences in gross structure or the energy of the
complex arose between different diastereoisomers, probably
because the Re centers are quite far apart from one another.
The computed structure shows that each of Atige bridging Figure 3. Fragment of the crystal structure of [Ru(ABJAB)CI]-
ligands has the two bpy fragments perpendicular, as expected{PFs]-2MeCN showing the facial terdentate coordination mode of the
the crystal structures of [(C@FIRe(AB)Ru(bpy)][PFe2 n°-AB ligand.
2MeCN0.5E£0?2 and [(bpy}Os(AB)Ru(bpy)][Pk]4-3MeCNe?
show that coordination at the B site results in a nearly per- mass between 6.5 and 8.5 ppm; however, an isolated signal
pendicular arrangement for the two A and B halves of the integrating to one proton at 10.3 ppm could be ascribed to a
bridging ligand for steric reasons, compared to an angle df 41 Pyridyl H® proton which is directed towardas-chloride ligand
between the coordinated and pendant bpy fragments of [Ru-and therefore strongly deshield&l.
(AB)(«x3-AB)CI][PFg] (below). Ru—ABRe; therefore assumes An X-ray crystal structure determination (Figure 2, Tables 1
a roughly spheroidal shape with the ruthenium ion in the center, and 2) resolved the problem, showing that the formulation of
and the three peripherfiRe(bpy)(COJCI} fragments afford a  the cation is indeed [Ru(ABTI]* but with one of theAB
considerable degree of steric shielding around the rutheniumligands coordinated in a hitherto unseen terdentate maniaer,
core: this point is of significance for interpretation of the lumi- the more hindered binding site [site B; atoms N(11) and N(21)]
nescence results (see later). andoneof the pyridyl donors of site A [N(41)]. This is a kinetic
Preparation and Crystal Structure of [Ru(AB)(73-AB)- product which arises when the more sterically hindered site B
CI|[PF¢]-2MeCN. During preparation of the homoleptic mono-  coordinates first to the kinetically inert metal center; by suitable
nuclear complex [Ru(ABJ2+ we consistently observed traces folding of the ligand N(41) can also coordinate but N(31) cannot,
of a purple material which could be separated chromatographi- giving a facial terdentate binding mode (Figure 3). TheRu
cally from the main (orange) product. Its nature was initially N(41) bond at 2.112(3) A is significantly longer than the other
unclear. The ES mass spectrum indicated the presence of dour Ru—N bonds (2.04-2.06 A) because of the steric con-
monocation [Ru(AB)CI]* which, if AB were coordinated in  straints inherent in this unexpected mode of coordination. The
the normal bidentate manner, would be only five-coordinate. mean-plane angles between adjacent pyridyl rings in this ligand
The elemental analysis was exactly consistent with the formula- are 13 between the two coordinated pyridyl rings,*Sftween
tion [RU(AB):CI][PFe]. Its electrochemical behavior [a revers- the central two rings [containing N(21) and N(31)], and finally
ible Ru(Il)/Ru(lll) couple atEy, = +0.42 V us Fc/Fc] was 56° between the rings containing N(31) and N(41).
consistent with the presence of a R fragmentt2b27 The The secondAB ligand is coordinated in the normal waia
IH NMR spectrum showed the presence of 28 inequivalent site A, in which the two rings are essentially coplanar. There
aromatic protons, most of them overlapping in a poorly-resolved

(28) (a) Constable, E. C.; Hannon, M. ldorg. Chim. Actal993 211,
(27) Cathey, C. J.; Constable, E. C.; Hannon, M. J.; Tocher, D. A.; Ward, 101. (b) Birchall, J. D.; O’'Donoghue, T. D.; Wood, J.IRorg. Chim.
M. D. J. Chem. Soc., Chem. Commua989Q 621. Acta 1979 37, L461.
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Table 3. Electrochemical Data

Ei/Ve
complex Re(l)/Re(IB Ru(ll)/Ru(lIe ligand-baset
Ru—ABe +0.90 -1.66 —1.89 —2.12
Ru—AB +0.90 -1.63 ~1.82 —2.09
Ru—AB; +0.90 -1.63 ~1.82 —-2.02
[RU(AB)(3*-AB)CI]|[PF o] +0.42 ~1.74 —1.99
Ru—ABRe® +1.16 +0.93 -1.56 —-1.77 —2.12
Ru—ABRe; +1.17 +0.98 -1.58 ~1.78 -1.99
Ru—ABRe; +1.15 +1.04 -1.60 ~1.80 -1.92

a All measurements made in MeCN containing 0.1 mol-dN("Bu),PF; at a Pt working electrode, at a scan rate of 0.2V, sPotentials are
vs ferrocene/ferroceniun®. All Re(1)/Re(ll) couples were irreversible; the potentials quoted are taken from square-wave voltammdégkms.
Ru(ll)/Ru(lll) couples (when resolved) were chemically reversible with, values of typically 76-90 mV. 9 Peak potentials of ligand-based
processes extracted from square-wave voltammografrem ref 22; data included for comparison purposes.

is a torsion angle of £1between the rings containing N(61)
and N(71) (.e., between the coordinated bpy fragment and the
first pendant ring); the pendant bpy fragment is approximately
trans-coplanar, with an angle of’between these two pyridyl
rings. It is noticeable that the torsion angle between the free
and coordinated bpy fragments (41s substantially less in this
complex than in those dinuclear complexes where an additional
metal fragment is coordinated at the second bpy site; in such
complexes the two halves of bridging ligaA8 are essentially
perpendicular due to the additional steric bulk of the metal
complex fragments coordinated at the second bpy?sfe.
Electrochemical Studies. The electrochemical properties of
the complexes are collected in Table 3, together with the data
for [Ru(bpyk(AB)][PF¢]2 (Ru—AB) and [Ru(bpy)(AB)Re- Ru
(COXCI)[PFg]2 (Ru—Re) for comparisorf?2 Successive sub-
stitution of bpy ligands byAB ligands along the series
[Ru(bpy)(AB)J[PFe]. (x =3, 2,1, 0;y = 0, 1, 2, 3) has no
effect on the potential of the reversible Ru(Il)/Ru(lll) couple,
which remains at-0.90 V vs Fc/Fc™ throughout. All of these
mononuclear complexes also show three reductions at potentials Re
characteristic of coordinated bpy fragments. In some cases the
closely-spaced reductions were not clearly defined by cyclic +0.6 . 71
voltammetry and the return waves were obscured by desorption E/V vs. Felfe
spikes; the peak potentials of the ligand-based reductions werefigure 4. Cyclic (top) and square-wave (bottom) voltammograms of
therefore taken from square-wave voltammograms. Ru—ABRe; in MeCN. The Ru- and Re-based processes are labeled
In the mixed-metal Ru/Re complexes, separate metal-based”" the square-wave voltammogram.
Ru(Il)/Ru(lll) and Re(l)/Re(ll) couples could be distinguished; Table 4. Absorption Maxima from Electronic Spectra of the New
a typical voltammogram is shown in Figure 4. In each case Complexe3

the Ru(ll)/Ru(lll) couple is chemically reversible (equal cathodic Jmax NM (103 , M~ cmY)

and anodic peak currents; pegbeak separatiors 100 mV) complex

and the Re(l)/Re(ll) couple (which gives a more intense signal) Ru—ABP 457 (14) 287 (97)
is irreversible, which is consistent with the known behavior of RU—AB: 463 (12) 289 (70)

9 : Ru—AB3 465 (13) 289 (73)
the component Rid and Ré® fragments. The potential of the RU—ABReb 456 (14) 380 (sh) 330 (sh) 289 (76)

Re(l)/Re(ll) couple is essentially invariant throughout the series g, aBRe, 472 (12) 380 (sh) 320 (sh) 289 (62)
Ru—ABRe,, which is consistent with the fact that all of the Re Ru—ABRe; 471 (19) 380 (sh) 320 (sh) 293(75)

fragments are in the same local environment and are too far Re—ABP 378(3.8) 320(sh) 294 (16)
apart from one another to interact significantly. However, [Ru(bpyk*"c 452 (14.6) 288 (76.6)
addition of increasing numbers of Re substituents to{fRe- a|n DMF/CH,CI, as solvent (9:1 v/v), at room temperatutdrom

(bpy)s} 2™ core results in a steady shift of the Ru(ll)/Ru(lll) ref 22.¢ Acetonitrile solvent, from ref 17b.
potential from +0.90 V to +1.04 V vs Fc/Fc¢". The Re
fragments are therefore weakly electron-withdrawing, despite
the near-orthogonal twist between the two halves of ¢s8h
bridging ligand. This effect cannot be due to the presence o
the B-type bpy substituents themselves, as [RugiBhas the
same redox potential as [Ru(bg)p’; it is the attachment of
{Re(COX}CI} fragments at the pendant B sites that results in
electron withdrawal from the Ru core.

Absorption Spectra. Ground-state absorption maxima for
the complexes investigated are collected in Table 4. Data for (29) For reasons discussed in ref 22, it was not possible to obtain the

the monandear model comp_lex [Re(AB)(GOJ] (Re—AB) . positional isomer Re(BA)(CG{, i.e., with the metal coordinated at
are also included for comparison purposes. We note that in the B site ofAB.

the mixed-metal complexes (Chart 1) coordination of the Re
center occurs at the B site 8B quaterpyridine. In contrast,

f in Re—AB, which was previously investigated by #/the metal
center is coordinated to theB ligand via the A chelating sit@?
Thus, strictly speakindgRe—AB is not a fully adequate reference
model for the Re-based moiety of the presently investigated
heteronuclear complexes, but it is the best we have. Relevant
absorption features dke—AB include metal-to-ligand charge
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T " T ' ﬁ " Luminescence Properties. Table 5 lists the uncorrected
luminescence band maxima, quantum yields, and emission
lifetimes obtained in degassed solutions at room temperature
and in frozen media at 77 K by employirgy. = 465 nm. It

also lists the radiative and nonradiative rate constdqatand

knr respectively, for deactivation of the luminescent excited states
as calculated in accord with eq 2.

ex1004 Mtem™

k= ®/t (2a)

600 k,= lr—k (2b)

Figure 5. Absorption spectra for th®e—AB, Ru—AB3, andRu—

ABRe; complexes at room temperature. Figure 6 shows the luminescence spectra oRee AB, Ru—
ABj3;, andRu—ABRe; complexes at 295 K, as obtained from

transfer (MLCT,i.e, Re— AB CT) and ligand-centered (LC) isoabsorbing solutions & = 380 nm. The luminescence

bands occurring at 378 and 294 nm, respectively. properties for the two series of complex@e—AB, andRu—

All of the Ru—AB, andRu—ABRe, complexesif = 1—3) ABRe, are discussed separately below. .
exhibit ligand-centeredi(C) and metal-to-ligand charge transfer ~ RU—ABn Series. The room temperature luminescence band
(IMLCT, with the involvement of both bpy andB ligands) maxima are near!y identical f_or _these complexes (T_able 5). In
features, with typical extinction coefficients,~ 10° and 10 contrast, the Iumlnesgence Ilft_atlme and quantum yield values
M-1 cmrL, respectively? In the Ru—ABRe, series of com- decrease for sequential substitutionA® for bpy ligands. In
plexes both Ru—~ AB and Re— BA CT transitions can take principle, for this series of complexes the Io_west e_xcite(_j level
place, occurring at 456472 and~380 nm (as shoulders), could_be opr—» bpy or Ru—AB CT ele_ctronlc configuration. _
respectively (Table 4). In particular, one sees that the energy COnsistent with the absorption properties (see above) and with
position of the Ru— L CT maximum moves from 457 to 465 previously obtained resuftsand because of electronic delo-

nm for theRu—AB andRu—AB; complexes, respectively, and calization, the lowest-lying level is thought to be the formally
from 456 to 471 nm for theRu—ABRe and Ru—ABR’eg triplet Ru— AB CT state. The changes in the luminescence

complexes, respectively. This behavior is consistent with quantum yields and Iifet!mes in the series are more difficult to
sequential substitution of th&B ligand andABRe moiety in interpret. One e_xplanatlon_mlg_ht be based on steric hlnc_lrance
place of a simple bpy ligand resulting in a greater degree of of AB_ quaterpyr|d|r_1e resulting in a slightly lower ligand field
delocalization for the promoted Ru- AB electron. It is  @nd in turn, lowering the metal-centered (MC) levels. Thus,
noticeable that this electron-withdrawing effect is more pro- @S Shown by previous investigatios;’a small MLCT-MC
nounced irRu—ABRe; than inRu—ABs3, i.e., the pendant site ~ €N€rdy gap can cause enhancement of the radlatlo_nless_deactlva-
B becomes more strongly electron-withdrawing whepRze- tion o_f the luminescent Ievel_. In agreement Wlth_ this, the
(COXCI} fragment is coordinated to it, which is exactly radiationless ratek reported in Table 5 for the seridsu—
consistent with the electrochemical results (above). On this ABn increase with the number & ligands in the complexes.
basis, we argue that the delocalization of the promoted electron  RU—ABRen Series. These heteronuclear complexes contain

(Ru— ABRe) is facilitated by the presence of the electron- the chromophores [Ru(bpyAB)s-n|** and [(AB)Re(COJCI]
withdrawing Re complex unit€ with the Ru and Re centers coordinated at the A and B sites of

In polynuclear species, a useful procedure to gauge theAB guaterpyridine, respectively. On this basis, the complexes

intercomponent electronic interaction is based on the assessmen:ijf the Ru~AB, series (discussed above) are satisfactory
of the additive properties for the absorption spectra of the omponent models for discussing the spectroscopic properties

. f the heteronuclear complexes. Onth ntrary, the availabl
components$.” In our case, with respect to tHRu—AB and of the heteronuclear complexes. On the contrary, the available

Re—AB mononuclear complexes, the heteronuclear complexes Re—AB comple>_<, where the metal center Is coordinated to the
actually share thé&B ligand; thus 'Ehis approach cannot strictly A site Of. AB, is not a fully sat_|sfaqtory model becausg
be applied. In addition :as discussed above. the Re_basquoordm.atlon at A or B resul'gs in different spectroscopic

' : ' . ' L roperties? The effect of coordinating a metal center at A or
reference model with the metal coordinated at the B site is not

: : - B sites ofAB can be evaluated by comparing the luminescence
available?® On the other hand, from previous studies performed . Y s C An -
on the dinucleaRu—ABRe andReAB—Ru complexes (where properties of [(bpyRu—AB ~Os(bpy)" (Ru~AB=0s, with

i i - — 4+
the Ru and Re centers are coordinated to the A site oAe Os coordinated at the B site) and [(bg9—AB ~Ru(bpy)]

. . - . (Os—AB—Ru, with Os coordinated at the A site) dinuclear
1, ESpEcieY) s aeacy ko a0 STEMPOTET complexcs? For bt Ru~AB—05 ands-AB R corr-
(B) — Ru(A) and Ru (B)i Re( A?) energy transfer respgctively plexes, the lowest-lying luminescent level involves the Os center

. . e : being of Os— BA and Os— AB CT nature, withlnax = 756
even if _the two chromophores keep their electronic identity to and 808 nm, respectively. Thus, Ru—AB—Osthe Os-based
a certain degree.

i . luminescent CT level (at site B) & 600 cnt! higher in energy
Figure 5 shows the absorption spectr&ef-AB, Ru—ABs, with respect to its positional isomeBs—AB—Ru, where the
and Ru—ABRes (room temperature). From this one can see og_pased emission occurs from site A. Turning to the presently

that forRu—ABRes the prominent shoulder around 380 nm is  jyestigated complexes, the reported emission band maximum
related to the Re> BA transition, responsible for the absorption  t5r the model compleXsRe—AB, Amax = 616 nm (Table 5,

of ca. 60% of the light at this wavelength, while use of light at
465 nm leads to selective excitation of the Ru-based chro- (30) (a) Barigelletti, F.; De Cola, L.; Juris, &azz. Chim. Ital199q 120,
mophore. Similarly, for the other heterometallic complexes it 545. (b) Fabian, R. H.; Klassen, D. M.; Son'ntag, R.Marg. Chem.
s possils o excieselectuely e Rubasedchvomoptione (| S 00 10 ML, SUETeN s
= 465 nm) or to excite both the Ru- and Re-based groups E. C.; Hannon, M. J.; Cargill Thompson, A. M. W.; Tocher, D. A;

together fexc = 380 nm). Walker, J. V.Supramol. Cheml993 2, 243.
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Table 5. Luminescence and Photophysical Data for the New Complexes

295 Kb 77K
complex Amax, NM 7, NS D x 1¢? k- x 1074 st Kor x 1075, 571 kP2 x 1075 st Amax NM T, US
Ru—AB 610 320 (250) 2.8 8.6 30.0 8.8 602 5.2
Ru—AB; 612 220 (180) 1.8 8.0 44.0 10.1 604 5.0
Ru—AB3; 612 160 (140) 1.0 6.3 62.0 8.9 606 4.8
Ru—ABRe 622 1010 (650) 11.0 10.9 8.8 55 607 4.7
Ru—ABRe; 612 720 (560) 9.9 13.8 125 4.0 606 4.8
Ru—ABRe3 612 490 (450) 6.0 12.2 19.2 1.8 606 4.9
Re—AB¢ 616 22 0.15 535 3.2
[Ru(bpy)]2+e 608 170 1.5 582 5.0

2In DMF/CH,CI; solvent (9:1, v/v), the band maxima are from uncorrected spetdiss= 465 nm unless otherwise statédeaerated samples
unless otherwise statetlValues in parentheses are for air-equilibrated samplés. = 380 nm, air-equilibrated sampleAir-equilibrated sample,
acetonitrile solvent, ref 17b.

1o T : . : T :
Ru-ABRe,
3 3
o i
= Ru-AB, x 3 s 1
05 |- J
" Re-AB x10 T
00 e ) -‘:--:»»_f:_ Poverers f 1 i
550 650 750 300 400 500
A, DM X, M
Figure 6. Uncorrected luminescence spectra at 295 K for Ree- Figure 7. Normalized excitation spectra f&u—AB3; andRu—ABRe;

AB, Ru—ABj3;, and Ru—ABRe; complexes as obtained from isoab- complexes.

sorbing solutions aflexc = 380 nm; the intensities are scaled as

indicated. dual exponential decay that would occur if a mixture of Ru-
and Re-based emission were occurring. Both of these facts
indicate that the emission is occurring from a single metal center
irrespective of which chromophore absorbs the excitation
radiation. In addition, (i) comparison of the excitation spectra
for Ru—AB3; and Ru—ABRe; (Figure 7) shows that the light
energy absorbed at 380 nm by the Re-based components is
emitted by the Ru-based component, so providing evidence for
the occurrence of a fast Re Ru energy transfer stef,and

equivalent to 16 230 cm), pertains to an energy level of Re
— AB CT electronic configuration. For tHRu—ABRe, series,
where only Re— BA CT levels are expected, one can
reasonably estimate that the lowest-lying Re-based CT level is
placed around 16 800 crmhy corresponding to 595 nm. In
conclusion, for this series of complexes the lowest-lying energy
level is expected to be of Rt~ AB CT nature in all cases.

Table 5 lists luminescence properties obtained by using °.. . ) i )
irradiation at 465 nm, resulting in selective excitation of the (i) fOr Zexc= 380 nm, careful inspection on the blue side region
Ru-based chromophore. The room temperature band maxima®! the luminescence spectrum does not show any Re-based
occur at 622 nm for the dinuclear complex (where there is just contribution, consistent with complete (within experimental
one Re-containing unitke) and at 612 nm for the trinuclear uncertainty) quenching of the Re-based luminescence.

(Rey) and the tetranucleaRes) complexes. As one can see These results all indicate that, fo_r tRe1—ABRe; comple>_<,
from Table 5, the lifetime and quantum yield values for the COMPlete Re~ Ru energy conversion takes place, consistent

Re-based emission &fe—AB (lexc= 380 nm,® = 1.5x 103 with the emission being of Ru-based nature, independent of the
7 = 22 ns) are quite different from those ot;served formnk, excitation wavelength. Consideration of the intrinsic deactiva-
AB, andRu—ABRe, complexes {exc = 465 nm,® = 0.01— tion rate of the Re-based donor allows estimation of the energy

0.1,7 = 160-1010 ns). Notice that, as discussed above, for transfer rate ake, > 5 x 10° s™*. The same conclusions are
the hypotheticalRe—BA complex the luminescence band found to hold forRu—ABRe andRu—ABRe;.
maximum would be expected to peak at higher energy than for

Discussion
Ru—AB.
We assign the luminescence as Ru-centered inRbe Electronic Properties of the Ru-Based Chromophore.
ABRe, complexes, on the basis of comparison of their These heteronuclear complexes exhibit larger luminescence
luminescence properties with those of Re—AB, andRe— intensities and longer lifetimes with respect to the mononuclear

AB complexes. For instance, by irradiation at 465 or 380 nm Ru—AB, counterparts. From the luminescence data (Table 5)
of a sample oRu—ABRe3; one obtains selective excitation of we can see that this effect is due to a remarkable decrease of
the Ru-based chromophore or excitation of both Ru- and Re- the radiationless rate,. Thus, for theRu—ABRe, complexes,
based chromophores (in a 0.4:0.6 ratio, respectively, as estimatedhe presence of the Re-based chromophore(s) has beneficial
from the absorption spectra of Figure 4). Comparison of the consequences because it depresses the role of radiationless paths
luminescence properties under both excitation conditions showsin deactivating the Ru-based luminescent excited state. This
that the luminescence intensity profiles overlap and that the may be related to the fact that coordination of a second metal
luminescence lifetime and quantum yield are practically identical ion [i.e., of the Re(CO3CI group] at the B site results in

(r = 450 and 460 ns, and = 0.06 and 0.062, fokexc = 465 conformational rearrangements of #hB ligand. As discussed

and 380 nm, respectively). Also, there is no evidence for a above, in the complexes examined the ruthenium center is
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Figure 8. Schematic energy level diagram for the lowest-lying Ru-
and Re-centered excited levels of tRe—ABRe; complex.

coordinated to the less hindered A chelating site while the B
site either is freeRu—AB, series) or is subsequently coordi-
nated Ru—ABRe, series).

Luminescence Quenching by @ In order to address
quenching effects by ©dissolved in the solvent we have
performed photophysical measurements of air-equilibrated
samples and obtained the quenching ratg3, by using eq 3.

Kyt =

1

‘L'oz

1

- ©)

In this equationzo, is the luminescence lifetime value observed
in air-equilibrated solvent. Results fy®: are collected in Table
5. It is interesting to notice that, for the mononuclétu—
AB, complexesk°2 amounts to a constant value ¢d. 9 x

10° s71, while it reduces to 5.5, 4.0, and 1:810° s~ for Ru—
ABRe, Ru—ABRe;, andRu—ABRe;3, respectively. Therefore,
the{Re(COX}CI} groups which surround the Ru center exert a
shielding effect toward quenching by,OThis effect is most
significant for theRu—ABRe; complex, where the ruthenium

Inorganic Chemistry, Vol. 36, No. 12, 1992609

an energy content afa. 2.0 eV is made available for potential
use by this tetranuclear complék. This result might be
compared with cases where the final energy collector is Os-
based, as it happens for high-nuclearity Ru/Os complexes, where
Ru— Os energy transfer occu#4®18 These exhibit remarkable
absorption features with up toa. 200 000 M cm™ in the
visible region, and as a result a large amount of energy can be
collected from the various light-absorbing components, which
is mainly available at the Os-based centées, at an energy
level <1.5 eV.

Conclusion

The complexelRu—ABRe, Ru—ABRe;, and Ru—ABRe;
were prepared which contain one, two, or thf&e(bpy)(CO3-
Cl} fragments, respectively, pendant frofiRu(bpy)} 2 -type
core. Electrochemical studies showed that these Re fragments
are weakly electron-withdrawing, with the potential of the Ru-
(IN/Ru(l1) couple becoming more positive as the number of
Re substituents increases. Luminescence studies showed that
in all cases Re—~ Ru energy transfer occurs with near-100%
efficiency: for the tetranuclear complex, it is thus possible to
convey a substantial portion of the electronic excitation energy
from the molecular periphery to the center. It is also found
that the peripheral bulky Re-containing units exert a steric
shielding effect against luminescence quenching processes of
the central Ru core by molecular oxygen dissolved in the
solvent. The mononuclear complex [Ru(ABXAB)CI]|[PF¢]
was characterized crystallographically and incorporates@he
ligand bound in a hitherto unobserved terdentate coordination
mode.
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Antenna Effect. A modest antenna effect can be seen for
the heterometallic complexes based on the fact that-Reu
energy transfer occurs for excitation with light2400 nm. A
pertinent energy level diagram f&tu—ABRe; is depicted in

Figure 8, where the energy position of the Ru-and Re-based
components has been derived from the luminescence band

maxima at 77 K, Table 5. According to this energy diagram,

the Ru-based chromophore, being located in a central position,

draws light energy from the molecular periphery. In this way

Supporting Information Available: Tables of X-ray experimental
details and crystallographic data, all atomic coordinates, anisotropic
thermal parameters, and bond distances and angles for the crystal
structure of [Ru(AB)§3-AB)CI|[PF¢]-2MeCN (10 pages). Ordering
information is given on any current masthead page.

1C9615281

(31) (a) Amadelli, R.; Argazzi, R.; Bignozzi, C. A.; Scandola,J.Am.
Chem. Soc199Q 112 7099. (b) Bignozzi, C. A.; Argazzi, R,
Chiorboli, C.; Scandola, F.; Dyer, R. B.; Schoonover, J. R.; Meyer,
T. J.Inorg. Chem.1994 33, 1652.





