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Synthesis, Characterization, and Photochemical/Photophysical Properties of Ruthenium(ll)
Complexes with Hexadentate Bipyridine and Phenanthroline Ligands
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Three hexadentate, podand-type, polypyridyl ligands, (5-bpy2C)4-bpy-2C-PhEt, and (4-phen-2C-Pkit,

and their Ru(ll) and Fe(ll) complexes have been prepared. Reaction of these ligands with Fe(ll) produces only
the monometallic hemicage species, while monometallic, bimetallic, and polymetallic Ru(ll) complexes are formed.
These species are separable by column chromatography, and NMR and ESI mass spectrometry demonstrate that
with each ligand the first band to elute corresponds to the monometallic species?{R0lie ESI mass spectra

show peaks for [Rulg" and [RuL](PFk)™ with expectednvz values and isotope peak spacingdd NMR
spectroscopy shows that [Ru(5-bpy-2B3]2" is trigonally symmetric and contains a rigid methylene bridge
between the capping group and the bipyridines. The excited-state lifetimes and emission quantum yields for the
hemicage complexes, [Ru(5-bpy-28¥]2", [Ru(4-bpy-2C-PhELt]?", and [Ru(4-phen-2C-P§it]>t, are signifi-

cantly enhancedr(= 2800, 1470, and 3860 ns, amel,, = 0.271, 0.104, 0.202, respectively) relative to the
model compounds and to the polymetallic complexes with the same ligand. An Arrhenius fit of temperature-
dependent lifetime data for [Ru(5-bpy-28¥]?" indicates a high activation energy for crossover to the dd state

(AE = 4960 cm?) as well as the existence of an additional pathway for deactivation via a “4th MLCT" state.
Only after extensive photolysis of [Ru(5-bpy-28¥]%" is any decrease in emission intensity observed; this is
accompanied by the formation of a bimetallic photoproduct ,[RJ4*, with a quantum vyield of 7.4< 1075,
Quenching studies with a variety of quenchers show that the useful excited-state redox and energy-transfer properties
characteristic of Ru(ll) polypyridyls are retained, but with improved photoinertness and photophysical properties
arising from the rigidity of the hemicage complex.

Introduction electron-transfer studi€sand photoinert complexes capable of
o ) _ _ ~ performing useful light-induced functior§s16

suitable bridging groups, to produce cage-type coordination jn the design of transition metal tris(bipyridine) complexes with
compounds, has been shown to be a viable approach to the

design of complexes which are resistant to ligand dissocition.
Without changing the composition and symmetry of the first
coordination sphere, replacement af tigands with a suitably
designed h-dentate” ligand can have a dramatic effect on the
thermodynamic and kinetic properties of the complex. This

approach has been applied to the development of selective metal 7

coordinating agent$artificial sequestering agentsnert com-
plexes of labile metal ion%stable oxidants and reductants for
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Chart 1

enhanced photophysical properties and which are resistant toof a cage-type systefi. In this complex, the two interlocked
photodecompositiofi.6 Such complexes are of great interest, phenanthroline groups provide a tetradentate binding site for
since they combine the features of thermal, electrochemical, andthe formation of bimetallic complexes.

photosubstitutional inertness characteristic of cage complexes, The first macrobicyclic ligands containing three bipyridine
with the useful photochemical, photophysical, and redox proper- or phenanthroline groups were reported by Lehn ef al.
ties of metal polypyridine complexé$. Of particular interest  Although lanthanide cryptates of these ligands have been
are ruthenium(ll) polypyridyl complexes, which exhibit metal- prepared? the cavity size is insufficient to allow an octahedral
to-ligand charge-transfer (MLCT) excited states which can be coordination environment around a transition metal ion. In
highly luminescent, sufficiently long lived to participate in 1986, the first macrocyclic tris(bipyridyl) ligand capable of
bimolecular reactions, and capable of acting as electron donorsforming closed-cage transition metal complexes was synthesized
or acceptors or as energy donors. Such compounds have beeim 10 steps by Grammenudi and §tte X An iron(Il) complex
widely studied in the past three decades due to their ability to of this ligand, which showed unusual inertness toward demetal-
act as sensitizers for light to chemical energy conversion. ation by EDTA and to acid decomposition, was reported. The

Along these research lines, we have prepared a series offuthenium(ll) analogue of this complex was prepared by Belser
trigonally symmetric, hexadentate polypyridyl ligands, whose €t al. via a template approa¢hand this closed-cage ruthenium-
structures are given in Chart 1,((5-bpy-2C)}Bz (previously (1) complex was found to exhibit ground-state properties which
referred to as (MebpyBz);14 2, (4-bpy-2C-PhjEt; and3, (4- are very similar to those of [Ru(bpg¥". However, the room
phen-2C-PhEt). These ligands are capable of encapsulating temperature excited-state lifetime and the emission guantum
transition metal ions or acting as bridging ligands in polymetallic Yield of the cage complex are enhanced, while the quantum
assemblies. We report here a detailed study of the structureYield for ligand photodissociation is drastically reduced (by a

and excited-state properties of ruthenium(ll) complexes of factor of 10).1* A hemicage version of this closed-cage
ligands1, 2, and3. ruthenium complex, in which only one capping group connects

the three bipyridines, was also investigated. The absorption,
emission, and photophysical properties of this complex were
' found to be intermediate between those of the parent complex,
[Ru(5,8-(Et0.C)bpy)] 2", and the closed-cage complExThe
drawbacks to these systems include the multistep syntheses,
which require the Ru(ll) ion to function as a template during
the construction of the cage, and the amide linkages in the
capping group, which may be reactive under certain conditions.
A hexadentate ligand constructed from three bis(diazine)
- ; : : P groups and capable of forming hemicage complexes was
(terpyridine)ruthenium(ll) catenane, in which the linking group recently reported by Duerr et . This ligand does not require

contains a phenanthroline and is interlocked with another i lat thesi i dat theni "
phenanthroline-containing ring, provides an additional example a template syntnesis, can easily accommodate a ru enium(ll)

ion, and contains oligoethylene glycol spacers attached to a
central benzene ring via ester linkages. The capping group in

this compound is very large and flexible; enhancement in the

Previously reported cage-type polypyridyl complexes take a
variety of forms, including closed cage complexes, or cryptates
in which the three bipyridyl ligands are capped on two opposite
faces with tripodal bridging grougs13 and hemicage, or podate
complexes, in which a single capping group on one face
connects the three bidentate ligadés® A photoinert ruthe-
nium complex described as a “coronate”, in which each of the
three bipyridine ligands is tethered to the other two by crown
ether linkages, has also been repoffedA novel linked bis-

(14) Beeston, R. F.; Larson, S. L.; Fitzgerald, M.I@org. Chem 1989

28, 4187. . o )
(15) Dur, H.; Schwarz, R.; Andreis, C.; Willner, 0. Am Chem Soc luminescence lifetime is due to the electronic effects of the
1993 115, 12362. ethylene glycol substituents, not to a rigid cage environment.
(16) Bossman, S.; Dy, H. New J Chem 1992 16, 769. The photoinertness reported for the ruthenium complex of this

(17) Kalyanasundaram, hotochemistry of Polypyridine and Porphyrin
ComplexesAcademic Press: New York, 1992.

(18) Juris, A.; Balzani, V.; Barigelletti, F.; Campagna, S.; Belser, P.; von (19) Cardenas, D. J.; Gavina, P.; Sauvage, J-Rm Chem Soc 1997,
Zelewsky, A.Coord Chem Rev. 1988 84, 85. 119 2656.
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ligand was attributed to the cage effect, as well as to a
stabilization of the MLCT level relative to the ligand field states

upon replacement of bipyridine with bis(diazine). Again the

presence of reactive functionalities in the linking groups is a
drawback.

Another example of a photoinert, hemicage tris(bipyridyl)-
ruthenium(ll) complex (based on ligant) was previously
reported by our research group and was shown to exhibit an
enhanced emission quantum yield and excited-state lifétfme.
This is the first report of a polypyridyl cage-type complex of
ruthenium(ll) with completely unreactive tethers (methylene
linkages to bridgehead benzene ring) rather than amide, ester,
ether, or amine linkages. The ligand can be prepared by a
relatively simple route, the formation of the complex does not
rely on a template synthesis, and the approach is flexible enough
to allow the synthesis of a variety of related hexadentate ligands
and hemicage complexes.

The enhanced excited-state lifetimes and emission quantum
yields, and diminished quantum vyields for ligand photodisso-
ciation observed for closed cage and hemicage complexes are
a result of the increased rigidity of the molecule imparted by
the constraints of the bridging group(s). Because the three-
dimensional structure of a cage complex reduces the freedom
of motion of the ligand, processes requiring extensive nuclear
displacement, such as radiationless decay via highly distorted
structures and ligand dissociation or substitution reactions, are
hindered in cage-type complexgsStudies with complexes of
ligandsl, 2, and3, which vary in terms of their rigidities (due
to different size capping groups and the replacement of
bipyridine with phenanthroline), were undertaken in order to .
more fully understand the nature of these structural effects on - @ >
the electronic structure and excited-state dynamics of the Figure 1. Representations of structures of hemicage complexes: (a)
polypyridyl Ru(ll) chromophore. Representations of the struc- [Ru(5-bpy-2C3Bz]** and (b) [Ru(4-bpy-2C-PHEt]**.
tures of the hemicage complexes with ligaridand 2, [Ru(5-
bpy-2C)Bz]?* and [Ru(4-bpy-2C-PhREt]?*, which show the Chait, et al. in 1996 and more recently, the characterization
positioning of the benzene or triphenylmethyl capping group Of polynuclear complexes by ESI-MS has been repofted.

above the octahedral [Ru(bgjd" center, are provided in Figure In this study we report on the spectroscopic properties, room-
1. The complex of ligan® has a structure similar to that of temperature excited-state lifetimes, and emission quantum yields
ligand 2. of the ruthenium(ll) complexes of (5-bpy-24By, (4-bpy-2C-

As previously reported the ground-state properties, such PhBEt and (4-phen-2C-Pkft, as well as their corresponding
as absorption spectra and redox potentials, of [Ru(5-bpy- Parent complexes, which contain the bidentate ligands; 5,5
2C)Bz]>* are almost identical to those of the parent complex, dimethyl-2,2-bipyridine (5,5-dmb), 4,4-dimethyl-2,2-bipyri-
tris(5,5-dimethyl-2,2-bipyridine)ruthenium(ll), showing only ~ dine (4,4-dmb), or 4-methylphenanthroline (4-Mephen). A
slight shifts inAmaxandEy,. However, dramatic differencesin ~ More detailed study of the photochemical and photophysical
the excited-state lifetime, the luminescence quantum yield, and Properties of [Ru(5-bpy-2GBz]** is presented. This includes
the quantum yield for photodissociation were reported for this &0 investigation of the solvent and temperature dependence of
hemicage and parent pair. Since that report, improvements inthe excited-state Ilfet_lme, stabl[lty toward photodissociation, and
our purification techniques have allowed us to reevaluate the Pimolecular quenching behavior.
properties of [Ru(5-bpy-2GBz]*t and to investigate the
properties of ligand-linked polymetallic assemblies isolated from
the same reaction mixture. In addition, the synthesis of ligands Materials. 5,5-Dimethyl-2,2-bipyridine (5,3-dmb) was prepared
2 and3 and their Ru(ll) hemicage complexes has allowed us to by coupling 3-picoline in the presence ofReh charcodf and was

probe the effects of capping group, position of substitution, and recrystallized from ethyl acetate. 4Rimethyl-2,2-bipyridine (4,4-
replacement of bipyridine with phenanthroline. dmb) and 4-methyl-1,10-phenanthroline (4-Mephen) were obtained from

. Reilley Tar and Chemical and GFS Chemicals, respectively, and
Here we present the synthesis of the three hexadentate,

podand_llgands and their complexe; with Ru_(II) and Fe(ll). Th_e (20) Katta, V.: Chowdhury, S. K.: Chait, B. T. Am Chem Soc 1990
separation of mononuclear and ligand-bridged polymetallic 112 5348.
complexes by cation exchange chromatography and the char<{21) éa) Leclf]e, EC Van Dorlsgglaa%ré (;\-:(grfll_'me? R-t: Lehg J-IJDNCh?mC

. T - oc, Chem Commun . opfgartner, G.; Piguet, C.;
acterization of th_e |n_d|V|duaI species by NMR spectroscopy and Henion, J. D.. Williams, A. FHely. Chim Acta 1993 76, 1759. (c)
electrospray ionization mass spectrometry (ESI-MS) are also Arakawa, R.: Matsuo, T.: Ito, H.: Katakuse, I.: Nozaki, K.: Ohno, T.:

described. The technique of ESI-MS has only recently been Haga, M.Org. Mass Spectron994 29, 289. (d) Ortmans, |.; Didier,

Experimental Section

applied to the characterization of transition metal complex ions. Eﬂ-ét'é"ﬁg“}a?E%E;(ki‘ué‘f’ghﬁge?,1322 :%ﬁg?gac(ﬁ)egﬁgag‘g’aé o
Mass spectra of [Ru(bpyf™ and [Ru(phenj®" obtained by 2464, (f’) Bignozzi, C. A.; Bortolini, O.; Curcuruto, O.; Hamdan, M.

the electrospray ionization technique were first reported by Inorg. Chim Acta 1995 223 113.
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recrystallized from ethyl acetate. Diethyl ether and tetrahydrofuran
(THF) were distilled over sodium and benzophenone just prior to use.
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determined by NMR to be 95% pure (Br@Ph)kEt. Avyield of 1.2 g
(32%) was obtained!H NMR (CDCls): ¢ 7.31 (d, 6H), 7.08 (d, 6H),

Diisopropylamine was dried by passage through an oven dried alumina4.50 (s, 6H), 2.08 (s, 3H).

column. n-Butyllithium (1-2.5 M in hexane) was standardized by
titration with secbutanol prior to use. Ru(DMS@JI, was prepared
by literature method® Chromatographic silica gel (type A60, 260

Synthesis of Hexadentate Ligands. 1,3,5-Tris((8nethyl-2,2-
bipyridin-5-yl)ethyl)benzene, (5-bpy-2C}Bz (1). All glassware was
oven dried overnight and cooled in a desiccator before use. A 500

425 mesh) was obtained from Fisher Scientific. SP Sephadex C-25mL three-neck round-bottom flask containing 20 mL of freshly distilled

was obtained from Sigma Chemical Co. Silica gel TLC uniplates were
from Analtech. All other reagents and solvents were from Aldrich,
Fisher, or Kodak and used without further purification. Elemental
analyses were performed by Midwest Microlab.

Synthesis of Capping Agents. 1,3,5-Tris(bromomethyl)benzene.
In a 500 mL round-bottom flask equipped with a water-cooled
condenseriN-bromosuccinimide (NBS, 27.8 g, 0.156 mol), mesitylene
(7.5 mL, 0.054 mol), and 2,2zobis(2-methylpropionitrile) (AIBN,
50 mg) were combined with 200 mL of methyl formate. This mixture
was irradiated with a GE 250 W reflector infrared heat lamp placed 6
in. from the flask, causing the methyl formate to reflux. During
approximately 45 min of irradiation, the NBS dissolved, giving a light
orange solution. Irradiation was continued for an additional 30 min.
The reaction was followed by TLC on silica gel (20% dichloromethane
in cyclohexaneR for dibromide= 0.55; R for tribromide = 0.39).
The methyl formate was removed by rotary evaporation, leaving a thick
yellow oil that crystallized upon sitting overnight. To this residue, 20
mL of water was added and the mixture was extracted with 20
mL dichloromethane. The dichloromethane layers were combined,
washed with 2x 50 mL of 2% aqueous sodium carbonate solution
and 2x 50 mL water, and dried over sodium sulfate. The dichlo-

romethane was removed by rotary evaporation, leaving a pale yellow,

waxy solid, which was recrystallized three times from hot cyclohexane.
The resulting white solid (4.8 g, 26%) was shown by NMR to be 96%
tribromide and 4% dibromide. Anal. Calcd foriBrs: C, 30.29;

H, 2.54; Br, 67.17. Found: C, 30.23; H, 2.57; Br, 66.9H NMR

(in CDClg): 0 7.36 (s, 3H), 4.43 (s, 6H).

1,1,1-Tris(4-bromomethylphenyl)ethane, (BrCHPh)sEt. This

THF was flushed with nitrogen and immersed in a dry ice/acetone bath.
Dry diisopropylamine (3.2 mL, 22 mmol) amgbutyllithium in hexane
(14.0 mL, 1.46 M, 20.4 mmol) were added via syringe. The LDA
solution was stirred for 10 min, and a solution of 'sgdnb (5.00 g,
27.2 mmol) in 200 mL THF was added via cannula. The resulting
dark black reaction mixture was stirred a8 °C for 90 min. A
solution of 1,3,5-tris(bromomethyl)benzene (2.17 g, 6.08 mmol) in 40
mL THF was added via cannula. The flask was removed from the ice
bath and the black solution was stirred for 90 min. Upon addition of
20 mL of water, a color change to yellow was noted. The THF was
removed by rotary evaporation, and an additional 50 mL of water was
added. The mixture was extracted with350 mL dichloromethane.
The combined organic extracts were washed with 25 mL water,
dried with anhydrous sodium sulfate, and evaporated to dryness, leaving
a solid yellow residue. The product was isolated by column chroma-
tography on silica gel (1:9 THF/CGi€l, was used to elute excess 5,5
dimethylbipyridine; (5-bpy-2GBz was collected with 2:8 THF/
CH.Cl,). Fractions containing (5-bpy-26Bz were combined and
evaporated, and the solid residue was recrystallized from ethanol,
yielding 2.15 g (53%). Anal. Calcd for&Ha4:Ne: C, 81.05; H, 6.35;
N, 12.60. Found: C, 80.98; H, 6.44; N, 12.4% NMR (CDCl): ¢
8.49 (s, 3H), 8.39 (s, 3H), 8.22 (m, 6H), 7.60 (m, 3H), 7.53 (m, 3H),
6.78 (s, 3H), 2.90 (s, br, 12H), 2.40 (s, 9H).
1,1,1-Tris(4-((4-methyl-2,2-bipyridin-4-yl)ethyl)phenyl)eth-
ane, (4-bpy-2C-PhjEt (2). THF (10 mL) and diisopropylamine (0.56
mL, 4.1 mmol) were combined in a three-neck flask-a8 °C under
nitrogen. n-Butyllithium (2.4 mL, 1.73 M, 4.1 mmol) was added via
syringe, and after 15 min a solution of 4gdimethyl-2,2-bipyridine

compound was prepared in four steps using a modification of literature (1-5 9, 8.2 mmol) in 50 mL of THF was added via cannula. The

procedured* Tris(4-methylphenyl)methanol was prepared via Grignard
reaction of 4-tolylmagnesium bromide (0.225 mol) and ethyl-4-
methylbenzoate (0.096 mol) in diethyl eti#ét. The reaction mixture
was poured onto a mixturdé 6 M sulfuric acid and ice, and the product
was extracted with ether and isolated by rotary evaporation. The
resulting oil was converted to chlorotris(4-methylphenyl)methane by
refluxing in acetyl chloride (60 mL3** The product precipitated upon
cooling and was isolated by filtration and dried, yielding 20 g (70%).
Chlorotris(4-methylphenyl)methane (19 mmol) in dry toluene was
treated with methylmagnesium iodide (45 mmol) in dry efiderThe
reaction mixture was heated at reflux then cooled, water was slowly

reaction mixture was stirred for 80 min prior to addition of (Br&H
PhxEt (0.550 g, 1.02 mmol) in 15 mL of THF. The ice bath was
removed, and the solution was stirred overnight. Water (25 mL) was
added, and the product was extracted with dichloromethane. The
organic extracts were evaporated to dryness, and the remaining solid
was applied to a silica gel chromatography column. A mobile phase
of 1:7 THF/CHCI, was used to elute the excess'4J#b, and 3:2:15
THF/ethanol/CHCI, was used to isolate the (4-bpy-2C-EHt) Frac-

tions containing the desired product were combined, evaporated, and
the resulting solid recrystallized from ethanol. Anal. Calcd for
CsoHs4Ne: C, 83.65; H, 6.43; N, 9.92. Found: C, 83.23; H, 6.38; N,

added, and the product was isolated by extraction with ether. Rotary 9-72. *H NMR (CDCk): ¢ 8.58 (m, 6H), 8.27, (m, 6H), 7.17 (m,

evaporation yielded 4.9 g (87%) of 1,1,1-tris(4-methylphenyl)ethane
((CHsPh)EY).

Bromination was carried out by combining (gPh)Et (2.06 g, 6.87
mmol), NBS (3.68 g, 20.7 mmol), AIBN (30 mg), and 185 mL of
methyl formate in a round-bottom flask equipped with a reflux

condensor. The mixture was stirred and irradiated with a 250 W heat

lamp for 90 min, causing the solid to dissolve and the solution to reflux.
The mixture was stirred for an additional 30 min without irradiation.

A white solid formed and was isolated by filtration. To the solid, 40

mL of water was added, and the mixture was extracted with dichlo-
romethane (2x 40 mL). The organic layers were combined and

evaporated, leaving a white solid which contained a mixture of the
dibrominated and tribrominated products. Recrystallization was ac-
complished by dissolving the solid in a minimum of dichloromethane,
adding an equal volume of cyclohexane, and allowing the solution to
sit in an ice bath for 1 h. The resulting precipitate was filtered and

(22) Weinheimer, C.; Choi, Y.; Caldwell, T.; Gresham, P.; Olmsted, J.,
IIl. J. PhotochemPhotobiol A 1994 78, 119.

(23) Evans, I. P.; Spencer, A.; Wilkinson, &.Chem Soc, Dalton Trans
1973 204.

(24) (a) Hohner, G.; Vgtle, F.Chem Ber. 1977, 110, 3052. (b) Dung, B.;
Vogtle, F.J. Incl. Phenom 1988 6, 429.

6H), 7.08 (d, 6H), 7.00 (d, 6H), 3.02 (s, br, 12H), 2.44 (s, 9H), 2.16 (s,
3H).

1,1,1-Tris(4-((1,10-phenathrolin-4-yl)ethyl)phenyl)ethane, (4-
phen-2C-Ph}Et (3). n-Butyllithium (3.3 mL, 1.04 M, 3.4 mmol) was
added via syringe to a solution of THF (10 mL) and diisopropylamine
(0.50 mL, 3.6 mmol) at-78 °C under nitrogen. The LDA solution
was stirred for 15 min, and to this was added via cannula a solution of
4-methylphenanthroline (1.17 g, 6.03 mmol) dissolved in 40 mL of
THF. The dark solution was stirred continuously under nitrogen for 1
h. A solution of (BrCHPh)Et (0.540 g, 1.00 mmol) in 35 mL of
THF was added via cannula, and the reaction flask was removed from
the ice bath. The reaction mixture was stirred overnight, and 25 mL
of water was added. The product and excess 4-Mephen were extracted
with 2 x 20 mL of dichloromethane. The dichloromethane layers were
combined, washed with % 40 mL of water, dried over anhydrous
sodium sulfate, and evaporated. The residue was applied to a silica
gel column, and 1:1 THF/CiI, was used as the first mobile phase to
elute 4-Mephen. (4-Phen-2C-BB) was then isolated with 4:2:5 THF/
methanol/CHCIl,. *H NMR (CDCl): 6 9.16 (d, 3H), 8.95 (d, 3H),
8.27 (d, 3H), 8.00 (d, 3H), 7.78 (d, 3H), 7.61 (m, 3H), 7.32 (d, 3H),
6.99 (d, 6H), 6.90 (d, 6H), 3.43 (t, 6H), 3.10 (t, 6H), 2.15 (s, 3H).

Synthesis of Ruthenium(ll) Complexes. [Ru(5-bpy-2GBz]-
(PFg)2. Ethanol (300 mL, 95%) containing (5-bpy-28¥ (67 mg, 0.10
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mmol) was heated to reflux under nitrogen. A solution of Ru- Typically, mild interface conditions (low orifice potentials of 480
(DMSO)CI, (49 mg, 0.10 mmol) in 20 mL of 95% ethanol was added, V) were used to minimize the disruption of the Rligand complexes

and reflux was continued for 6 h. The solvent was removed by rotary under study.

evaporation, leaving a red-orange solid. From this, several ruthenium  Visible Absorption Spectroscopy. Visible absorption spectra of
species were isolated by column chromatography on a SP Sephadesthe complexes in acetonitrile were recorded on a Perkin-Elmer Lambda
C-25 support. A light yellow impurity was removed with 5:3 aqueous 6 spectrophotometer.

NaCl (0.05 M)/acetone. The hemicage species, [Ru(5-bpyEag)' Photophysical Measurements.Room-temperature emission spectra
(BAND Al) was eluted with 5:3 aqueous NaCl (0.1 M)/acetone. Two  (500-900 nm) and emission quantum yields were obtained with a
additional bands were collected with mobile phases of 5:3 aqueous gpgx Fluorolog-2 emission spectrometer equipped with a 450 W xenon
NaCl (0.15 M)/acetone (BAND A2) and 5:3 aqueous NaCl (0.2 M)/ |amp and a Hamamatsu 666-01 PMT. Spectra were corrected for
acetone (BAND A3), respectively. Acetone was removed from the yariations in lamp intensity by monitoring the emission intensity of
fractions by evaporation, and the complexes were precipitated by Rphodamine-B and for PMT response using a NIST calibrated standard
ad(_jition_of saturated aqueous ammonium hexaﬂuorophosphate. Alamp (Optronics Laboratories, Inc., model 220 M) controlled with a
typical yield of 50 mg of [Ru(5-bpy-2GBz](PFs). was obtained from  precision current source at 6.50 A (Optronics Laboratories, Inc., model
BAND Al (47%). Alternatively, if the chloride salt was needed, the g5y samples were dissolved in acetonitrile (or other solvent as
complex was isolated by evaporation of the appropriate fraction to gpecified) in 1 cm path length quartz cells and deaerated (40 min) with
dryness, addition of ethanol to the residue, and filtration to remove oxygen-scrubbed Ar. Emission quantum yields.{) were measured

NaCl. relative to [Ru(bpyj](PFs)2 in acetonitrile (¢o'em = 0.062%° and were
[Ru(4-bpy-2C-Ph)Et](PFe).. Ru(DMSO)CI (30 mg, 0.062 mmol) calculated using the equation

was added to a refluxing solution of (4-bpy-2C-Hit)(54 mg, 0.062

mmol) in 300 mL of 95% ethanol under nitrogen. Reflux was continued 2
for 5 h, and the solvent was removed by rotary evaporation, yielding O = lsampid[ Asta |[ 77" sampl
Mol std ASampl nzstd

a dark orange oil. The oil was dissolved in a minimum of 5:3 aqueous em

NaCl (0.05 M)/acetone and applied to an SP Sephadex C-25 column.

Two orange bands were collected as the NaCl concentration in the . L .

aqueous portion of the mobile phase was maintained at 0.05 M (BAND Wherélsampeandlsq are the integrated emission intensiti@g.mpeand

B1) and then increased to 0.10 M (BAND B2). Acetone was removed A @€ the absorbances at the excitation wavelenth,aihe and

by evaporation, and the complexes were isolated by the addition of st &€ the refractive indices of the solvents for the sample and [Ru-

NH4PFs (aq). (bpy)](PFe)2, respectively.
[Ru(4-phen-2C-Ph}Et](PFe),. Ru(DMSOXCl, (20 mg, 0.042 Excited-state lifetimes were measured for argon-deaerated acetonitrile
mmol) was added to a refluxing solution of (4-phen-2CsEh}30 mg, solutions (optically dilute, A< 0.15) at room temperature, using a

0.042 mmol) in 800 mL of 95% ethanol under nitrogen. Reflux was hitrogen laser (PRA LN1000) to pump a dye laser (PRA LN102) using
continued for 7.5 h, resulting in a gradual color change to orange. The Coumarin 460 dye. The emitted light was observed at right angles to
solvent was removed by rotary evaporation. The dark orange residuethe excitation beam with a MacPherson 272 scanning monochromator
was dissolved in a minimum of 5:3 aqueous NaCl (0.05 M)/acetone Set at the emission maximum of each complex. The emission was
and applied to a SP Sephadex C-25 column. Three orange bands wer&onitored with a Hamamatsu R446 PMT-LeCroy 7200 digitizing
collected as the NaCl concentration in the aqueous portion of the mobile 0scilloscope combination interfaced to a PC. The average of 200 traces
phase was maintained at 0.05 M (BAND C1), then increased to 0.10 Was fit to an exponential model;(= lo € using a Levenburg
M (BAND C2), then increased to 0.20 M (BAND C3). Acetone was Marquardt minimization routine. Lifetime measurements in other
removed by evaporation, and the complexes were isolated by the solvents were obtained using degassed, optically dilute solutions of
addition of NH,PFs (aq). the PR~ or CI™ salt of [Ru(5-bpy-2GBz]*". Temperature-dependent
Synthesis of Iron(ll) Complexes. [Fe(5-bpy-2GBz]Cl.. A lifetime data were acquired for a solution of [Ru(5-bpy-#&2)(PFs).
solution of ferrous ammonium sulfate (78 mg, 0.20 mmol) in 20 mL dissolved in 4:1 ethanol/methanol in an NMR tube. The solution was
of ethanol/water was added to a refluxing solution of (5-bpysBg)  freeze-pump-thaw degassed (4), and the tube was flame-sealed.
(130 mg, 0.20 mmol) in 95% ethanol (580 mL). The red solution was The tube was mounted in an Oxford cryostat (liquid nitrogen cooled,
refluxed under nitrogen for 5 h. The solvent was removed by rotary Nelium carrier gas) containing a copper heat bath, which was heated
evaporation, leaving a dark red solid. The iron hemicage complex was with an Oxford Instruments 3120 temperature controller. Temperature
isolated from the residue by chromatography on SP-Sephadex C-25,Was measured vig a thermocouple placed at the sample tube, using an
using 5:3 aqueous NaCl (0.05 M, then 0.10 M)/acetone. The complex Omega HH-51 digital thermometer. Measurements were conducted
eluted as a single dark red band, with a small amount of a red impurity ON the samples when thermal equilibration had been maintained for 10
remaining at the origin. The eluent was evaporated to dryness, andMn-
the remaining solid was dissolved in absolute ethanol, which was then ~ Photochemical Measurements.The quantum yield for photosub-
filtered to remove NaCl and evaporated. stitution was measured for an acetonitrile solution of [Ru(5-bpysR£})
[Fe(4-bpy-2C-Ph}Et]Cl,. A solution of ferrous ammonium sulfate  (PFe)2 (prepared to give an absorbance of 1.0 at the irradiation
(5.2 mg, 0.013 mmol) in 5 mL of water was added to a refluxing wavelengthm a 1 cmcell) containing a 1000-fold excess of tetrabu-
solution of (4-bpy-2C-PhEt (11.3 mg, 0.0133 mmol) in 95% ethanol  tylammonium chloride. The sample was sparged with oxygen-scrubbed
(300 mL). The red solution was refluxed under nitrogen for 5 h. The argon for 1 h, and was irradiated with a 75 W Xe lamp (XBO 75W/2)
solvent was removed by rotary evaporation. The iron hemicage powered by a high-precision constant source. Light was passed through
complex was isolated from the residue by chromatography on SP- a monochromator and focused to a point 1 cm into the sample cell.
Sephadex C-25, using 5:3 aqueous NaCl (0.05 M, then 0.10 M)/acetone.The sample was stirred continuously and thermostated a€25The
A single red band eluted from the column. The eluent was evaporated sample cell had a 12 cm path length to ensure that all light was
to dryness, the remaining solid was dissolved in absolute ethanol, andabsorbed, and the cell was equipped with a sidearm leadiagltcm

the ethanol solution was filtered to remove NaCl. cuvette. Atregular intervals the cell was removed from the light beam,
Instrumental Methods. NMR Spectroscopy. NMR spectra were shaken, and tilted to allow solution to flow into cuvette for emission

recorded on a Bruker AC-300 FT NMR, using CR(r ligands and intensity measurement. Emission intensity \as monitored as a

precursors) or CECN (for metal complexes) as solvent. function of time, and the fraction dimerized at timg, (X;) was
Electrospray lonization Mass Spectrometry (ESI-MS). Mass calculated using the emission quantum yields of the hemicage complex

spectra were acquired on a Sciex API-IIl quadrupole electrospray mass(®) and the dimer @qime;) (See Results) as follows:
spectrometer. Samples were analyzed in 1:1 water/acetonitrile at

concentrations of approximately 1@01. Samples were electrosprayed  (25) Caspar, J. K.; Kober, E. M.; Sullivan, B. P.; Meyer, TJ.JAm Chem
from a small capillary (10«m i.d.) using a flow rate of L/min. Soc 1982 104, 630.
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A plot of X; vst was prepared, and the quantum yield for dimerization
was calculated from the slope of this plot, the initial moles of the
hemicage complex, and the intensity of the light source (as determined
from the rate of photodissociation of [Ru(bg)?)).

The photoproduct was detected by cation-exchange HPLC on a
Brownlee CX-300 Prep 10 column. Mobile phase A consisted of 3:1
aqueous phosphate buffer (pH 7)/acetonitrile; mobile phase B consisted
of A plus 200 mM KBr. Elution proceeded as follows:—8 min,
100% A; 5-30 min, 0-75% B; 30-45 min, 75-0% B). Elutions
were controlled with a Rainin Dynamax SD-300 solvent delivery system
equipped with 25 mL/min pump heads. Detection from 250 to 700
nm (2 nm spacing) was accomplished via a Shimadzu SPD-M10AV
diode array UV~visible spectrometer fitted with a 4.5 mm path length
flow cell.

Quenching constants were determined from St&falmer plots of
%7 vs quencher concentratiorf{t = 1 + kq%[Q]). Linear plots were
obtained, andk, values were calculated from the slopes obtained by
linear regression. In a typical experiment, a series of acetonitrile
solutions approximately 1.5 107> M in chromophore ([Ru(5,5dmb)]-

(PFs)2 or [Ru(5-bpy-2C)Bz](PFs)2), 0.1 M in NaClQ, and containing
various concentrations of quencher-@mM) were prepared. Solutions
were degassed with acetonitrile-saturateddd 15 min prior to lifetime
measurement. For the oxygen quenching studies, air saturatecband O

saturated samples were prepared by sparging with the appropriate gas

for 15 min at 25°C. Samples were irradiated with a pulsed nitrogen
laser (Laser Science VSL-337) with a 3 ns pulse width. The 337 nm
laser line was isolated by a Corion 337 nm interference filter. For

samples in which the quencher was also a strong absorber at 337 nm

(phenothiazine) the nitrogen laser was fitted with a broad band dye
module using Coumarin 2. Standard®9@ewing was used with the
emission light first passing through a saturated NaN@ution and a
sharp cutoff long-pass filter and then to a R928 PMT. The decay was
captured on a Hewlett-Packard 5402A digital oscilloscope, and the
digitized trace was transferred to a PC for data analysis. At least 100

traces were averaged for each determination. In all cases, a single

exponential was adequate for fitting the decay curve.

Results and Discussion

Synthesis of Hemicage ComplexesThe formation of the
ruthenium(ll) hemicage complexes with ligand<, and3 was

Inorganic Chemistry, Vol. 37, No. 17, 1998373

Hy

)

T

3.2

T
.0
PPM

accompanied by formation of polymetallic complexes which Figure 2. 'H NMR spectrum of [Ru(5-bpy-2GBz](PFs). (BAND A1)
were eluted from the cation exchange column as the NaCl in CDsCN. Top trace, aromatic protons; lower trace, methylene protons.
concentration in the mobile phase was increased. An orangelr]sets_show structure and proton designations for NMR assignments
band which was not mobile even with eluents of high ionic 9Ven In text

strength remained at the top of the column. The competing single band on the cation exchange column. Since iron(ll)
formation of linked polynuclear complexes occurred even under complexes are more thermally labile than analogous ruthenium-
reaction conditions of high dilution and was more evident when (II) complexes, the bipyridyl groups bind and dissociate

using the ligands capped with 1,1,1-triphenylethadhar{d 3)
than with ligandl. Molecular models show that with the ligands
(4-bpy-2C-PhgEt and (4-phen-2C-Pgit, two bipyridine-
(phenanthroline) “arms” can bind to the ruthenium ion in such
a way that the third bipyridine(phenanthroline) cannot reach the
remaining binding site to form a mononuclear hemicage species.
The resulting Ru complex has an available binding site and a
free polypyridyl group, and can combine with one or more
similar species to form [RilL,]2™" type complexes. In contrast,
(5-bpy-2C}Bz has a benzene cap that can invert to allow
coordination of the third bipyridine following complexation of
two bipyridine arms. Although linked polymetallic complexes
still formed with this ligand, a greater yield of the hemicage
complex was isolated.

Interestingly, reaction of (5-bpy-2€Bz and (4-bpy-2C-PhlEt
with iron(ll) produced almost exclusively the mononuclear
hemicage complex, [Fek]f, as evidenced by the presence of a

numerous times, allowing the most thermodynamically stable
arrangement to finally be achieved. Once the hemicage species
is formed, dissociation of a ligand arm is likely to be followed
by “reannealing”, since the dissociated bipyridine is kept in close
proximity.

NMR Spectra of [Ru(5-bpy-2CxBz]?", [Fe(5-bpy-2CyBzJ?+,
and [Fe(4-bpy-2C-Ph}Et]?*. The aromatic and methylene
regions of the NMR spectrum of [Ru(5-bpy-28¥]%" (BAND
Al) are shown in Figure 2, and insets on this figure show the
structures and proton designations for the aromatic and meth-
ylene groups. The aromatic region shows 7 signals, as expected
for the trigonally symmetric hemicage structure. The singlet
at 6.59 ppm was attributed tosHthe three equivalent protons
on the phenyl cap (these appear at 6.8 ppm for uncomplexed
(5-bpy-2C}Bz). The peaks at 7.55 and 6.28 ppm were assigned
to the pyridyl protons adjacent to the nitrogens, ahd Hy,
respectively. In the NMR spectrum of uncomplexed (5-bpy-
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Figure 3. Aromatic region of*H NMR spectrum of Ru(ll) complex
with (5-bpy-2C)Bz (BAND A3).

2C)3Bz, signals for these protons were observed at 8.8 ppm.
The chemical shifts of kland H; exhibit the greatest dependence
on complexation. The large difference in the chemical shifts
of these two protons is due to the positioning qf thder the
capping phenyl group in the complex, which causes a large __
upfield shift for this proton. The pair of doublets with chemical 8.0 7.0 6.0
shift >8.2 ppm were attributed to pyridyl protons adjacent to
the bipyridine ring junction (Hland H:), which show coupling
only to H, and Hy. The remaining pair of doublets (7.8 and
7.9 ppm), arising from Kand Hy, show additional coupling to
Ha and H;.

The NMR spectrum of the methylene region of [Ru(5-bpy-
2C)Bz]?*, shown in the lower trace in Figure 2, has four unique
signals with many coupling interactions, indicating that the CH
CHa- linkages are equivalent and conformationally “locked”
within the hemicage complex. The splitting patterns are
consistent with a staggered conformation, as depicted in the inset
in Figure 2. In this conformation protonsytind H, each
experience geminal coupling (totnd H;, respectively) with
an expected coupling constadj f 12—18 Hz, as well as two
vicinal coupling interactions to protons with dihedral angles of . - : .
about 60 (expected = 2—4 Hz) and 180 (expected = 8—14 3.4 .2 pou 20 2.8
Hz) 2 The two triplets of doublets (242.7 ppm) were thereby i o 4 MR spectrum of [Fe(4-bpy-2C-PItI(PR); in CD:CN.
assigned to Kand H, with the following coupling constants: 14 yrace, aromatic protons; lower trace, methylene protons. Inset shows
Jo = Jyy = Iy =13 HZ;Jyy = Jry = 3 Hz. The two doublets  structure and proton designations for NMR assignments given in text.
of triplets (3.0-3.2 ppm) could therefore be attributed tq H ) ] ) ) ]
and H,, which each experience geminal coupling (13 Hz) as to this are the signals fora-andll—iq, which are shifted upfield
well as coupling to two vicinal protons, both with a dihedral by about 0.4 ppm when Ru(ll) is replaced with Fe(ll). For the
angle of 60 in the staggered conformatiod = Jyy = Jey = ligand, (4-bpy-2C-PhEt, th_e NMR spectrum was recorded for
3 Hz). In the NMR spectrum of the uncomplexed hexadentate t_he Fe(II)_ complex only, since the reaction of the hexadgntate
ligand, the methylene protons were observed as a single broadigand with this metal produced exclusively the hemicage
signal at 2.9 ppm. complex, while only small quantities of [Ru(4-bpy-2C-gtt)?*

The spectrum shown in Figure 2 is consistent with a hemicage c0uld be isolated. b _
structure for BAND Al of the Ru complex. Figure 3 shows _ '"€ NMR spectrum of [Fe(4-bpy-2C-REX]*" is shown in

the aromatic region of the NMR spectrum of BAND A3 isolated Figure 4, along with a structure indicating the proton designa-
from the reaction of Ru(DMSQEI, and (5-bpy-2CBz. It tions for the aromatic protons. The presence of two broad peaks
indicates the presence of at least 20 nonequivalent protons orf©" the methylene protons implies that hemicage complexes with
the bipyridine and phenyl capping groups of this complex. this capping group are more flexible the_m those with the smaller
Clearly this species does not have a symmetrical hemicage?:3,5-trisubstituted benzene cap. Rotation around th€ Gond
structure; the complicated spectrum is consistent with a poly- ©f the methylene bridge is apparently less restricted than in the
nuclear ligand-bridged species in which the three bipyridines N€micage complexes of (5-bpy-28f. The aromatic region
on a single ruthenium are not in equivalent environments. of the spectrum shows the eXphECLed ngmber gf signals fci)1r th?
: : 10 unique aromatic protons on the bipyridine and capping pheny
With the ligand, (5-bpy-2GBz, the NMR spectrum of the X
hemicage complex of Fe(ll) is nearly identical to that of [Ru- groups. Of these .10 peaks, the only singlets at_8_.58_ ar_1d 8.51
(5-bpy-2C)Bz]* shown in Figure 2. The NMR spectrum of ppm could be assigned tocknd H.. (These exhibit similar

; - - hemical shifts to the corresponding protons in the parent
[Fe(5-bpy-2C3Bz]?* (Supporting Information, Figure S1) ex- ¢ , ot
hibits identical splitting patterns as well as chemical shifts that complex, [Fe(4,4dmb)]*"). The most unusual feature of the

s .~ NMR spectrum of [Fe(4-bpy-2C-Piit]>" is the appearance
hin 0.1 f | . Th .
agree to within 0.1 ppm for comparable protons € exceptions of four doublets between 5.4 and 6.5 ppm. No aromatic proton

(26) Silverstein, R. M.; Bassler, G. C.; Morrill, T. CSpectrometric S|gnals n the parent complex or unbound Ilgapd spectra appear
Identification of Organic Compoundsth ed.. Wiley: New York, this far upfield. Molecular r_n_odels show that |n_th¢ hemicage
1991; pp 196-197. complex, H and Hy are positioned under the bridging phenyl
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group, while Hy, and Hr (the bridging phenyl protons which (a)
point toward the metal center) are positioned over the pyridine
ring to which the bridging group is attached. Therefore these 100, 3835
protons are expected to be more highly shielded, and most likely
give rise to the doublets from 5.4 to 6.5 ppm. The doublets at
6.1 and 6.4 ppm exhibit a small coupling constant (5 Hz)
characteristic of the bipyridyl protons,gsHand Hy. Doublets

at 5.4 and 6.0 ppmJ(= 8 Hz) could therefore be assigned to
Hq and H:. The remaining signals between 7.2 and 7.5 ppm
correspond to the protonsatnd H, (the pyridyl protons on
the ring not affected by the capping group, which exhibit a
chemical shift of 7.2 in the parent complex), and tpamd H L._Ji-
(the bridging phenyl protons which point away from the metal o s pr prims pors
center, which appear as doublets at 7.0 and 7.1 ppm in the (b) mz

spectrum of unbound (4-bpy-2C-RBR}). This spectrum is
consistent with a hemicage structure in which all three bipyridine
groups and all three “arms” of the capping group are equivalent.

Electrospray lonization Mass Spectrometry (ESI-MS). 75
For ligandsl, 2, and 3 one can envision, in addition to the
hemicage complex containing one ruthenium encapsulated by
one ligand, a series of ligand-linked polynuclear complexes
constructed of 1" ruthenium(ll) ions and A" ligands. For
example, a dimer in which each of two Ru(ll) ions is bound to
two hexadentate ligands (one via two bipyridine “arms” and
one via one bipyridine “arm”) is possible. ESI-MS was used 0
to determine the charges and formulas of the various ruthenium
species which were separated chromatographically, and to 9
confirm the hemicage structure of the complexes of interest.
The electrospray ionization method provides a gentle means of
producing gas phase ions directly from solution. Metal 754
complexes are characterized by an examination ofrtlzeatio
of the ions produced and of the isotopic patterns obtained by
increasing the resolution of the spectrum. The spacing between
the isotope peaks within the clusteér{Vz) depends on the ion
charge Am/z = 1.0 for a+1 ion, 0.5 for a+2 ion, etc.). 251

Ruthenium complexes of ligands 2, and3 were studied by
ESI-MS in water/acetonitrile solutions as fFsalts. At o
relatively low orifice potentials (4850 V), peaks were observed e 5o "o e e

) o .

for lons of the type [ReLn] W'th. varying nl_meer_s of Figure 5. ESI mass spectra of Ru(ll) complex with (5-bpy-2C}Bz,
counterions attached. ESI-MS was first used to investigate theganp A1: (a) low resolution: (b) high resolution of Rat, Amiz =
three complexes of ruthenium with (5-bpy-28B% which were 0.5; (c) high resolution of RuL(RfF", Amiz = 1.0.
isolated by ion exchange chromatography on Sephadex. BAND
A1, which eluted at the lowest eluent ionic strength, was shown would be more closely spaced. Additional peaksnétratios
by NMR spectroscopy to be the mononuclear hemicage speciespther than 384 and 913 would be present as well. The ESI
[RUL]?* (L = CasHaNe, mass= 666 daltons; Ru= **Ru). mass spectrum of BAND A3, recorded at an orifice potential
The low-resolution ESI mass spectrum of BAND Al is shown of 50 V, is presented in Figure 6a. For a dinuclear species,
in Figure 5a; the two expected peaksnalz 384 and 913 for  four peaks would be expected atz 384 ([RulL2]*t), 560
[RuL]?" and .[RuL](PI%)Jr, respectively, are present. Each of ([Ru,L,](PFs)®), 913 ([RwLo](PFs)-21), and 1971 ([Rely]-
these peaks is actually a cluster of peaks due to the presence ofPF;);™). The presence of these four peaks, together with the
seven naturally occurring ruthenium isotopes. Figure 5b and c isotopic patterns of the peaksratz 913 (Anvz = 0.5) andm/z
shows the spectra of the two peaks obtained at enhancedi971 Anvz= 1.0), as shown in Figure 6b and c, are consistent
resolution. Consistent with the mononuclear hemicage structure,with BAND A3 being a bimetallic complex. Good agreement
the peak atv'z 384 is a cluster of isotope peaks separated by was observed between the experimental and theoretical isotope
0.5 mvz units, while the peak atvz 913 shows the expected  distributions for [Rul2](PFs)n* " species.
Amvz for a +1 ion. Furthermore, the experimental isotope The ESI mass spectrum recorded for BAND A2 is very
profiles were in excellent agreement with the theoretical isotope similar to that shown for BAND A3 in Figure 6a. However,
distributions expected for the mononuclear species, [Ruid the isotope patterns produced at high resolution do not match
[RUL](PFe)*. The ESI mass spectrum of BAND Al did not  the theoretical spectra. In particular, the cluster of isotope peaks
change significantly as the orifice potential was increased to atm/z913 shows the expectextiz of 0.5, but alternating peaks

RulL2+

751

RuL(PF¢)*
504

913.5

Relative Intensity (%}

251

100-‘

504

Relative intensity (%)

251

381.0 3820 383.0 384.0 385.0 386.0
mwz

9135
100+

50+

Relative Intensity (%)

100 V. are enhanced, suggesting the presence of botfl JREPFe),"
It is important to note that peaks @z 384 and 913 are also  and [RuL](PF)" in the electrospray. It was therefore concluded
expected for polymetallic species [Ru]>™ and [Ruln]- that BAND A2 may be a mixture of complexes or a species

(PRs)n™, respectively. However, the ions producing these peaks which decomposes in the electrospray to give mono- and
would be more highly charged, and therefore the isotope peaksbimetallic ions.
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(a) Ru, L (PFg)>* Table 1. Absorption and Photophysical Properties of Ru(ll)
Rugly Ru,L,(PFg )2+ Complexes with Bidentate and Hexadentate Polypyridyl Ligands

1007 3830 ggr0 a11.0 )Lmax (nm)
complex absorption emissidn ®e,¢ 7 (nsy
75 [Ru(bpy)]?" 452 621 0.062 11007

[Ru(5,3-dmb)]2* 444 607  0.036 500
[Ru(5-bpy-2C)Bz]?*

501 BAND Al 450 598 0.271 2800
BAND A2 446 605 0.022 e
BAND A3 447 606 0.044 570

I RugLy(PFg)s* [Ru(4,4-dmbJ2* 452 636 0079 810
m 19700 [Ru(4-bpy-2C-PhEt]>*
o J I 1 BAND B1 461 628 0104 1470

(b) 500 1000 1500 2000 BAND B2 458 632 0.063 e

[Ru(4-Mepheny]?* 446 606 0.045 590
[Ru(4-phen-2C-PhEt]?"
BAND C1 450 600 0.202 3860
BAND C2 447 606 0.049 e
BAND C3 448 606 0.050 e

Relative intensity (%)

1001

75

a All measurements were made in degassed solutions containing the
PR salt of the complex in acetonitrile at 2&. ® Corrected emission
spectrum,iex = 450 nm.¢ Measured relative to [Ru(bpylfPFe)2 in
acetonitrile (estimated uncertainty in quantum yield20%, estimated
precision and error of reported quantum yields relative to one another:
+5%). ¢ Measured by laser flash photolysis following excitation at 460
nm (estimated uncertaint#5%). ¢ Multiexponential decay.

50

Relative Intensity {3%)

254

911.0 9120 913.0 914.0 915.0 916.0 917.0
miz

1971.8

~
O
—

for the model complexes, [Ru(3;8mb)]?+, [Ru(4,4-dmb)]2*,

and [Ru(4-Mephen)?*. These parent species have the same

ligand and methyl substitution pattern as the related hemicage
species but lack the capping group. By comparing the photo-
physical properties of the ruthenium hemicage species to those
of the appropriate parent species, it is possible to distinguish
between the effects of caging and effects due to ligand type
and substitution pattern.

The wavelength of maximum absorption of each hemicage
complex (BAND 1) is red shifted 49 nm compared to the
corresponding model complex. However, emissigg values
1964 1988 1068 1870 1872 19va  197e te78 are 6-9 nm blue-shifted for the hemicage species. Assuming

mz similar reorganizational parameters, the decrease in absorption
Figure 6. ESI mass spectra of Ru(ll) complex withet (5-bpy-2C)Bz, energy and the increase in emission energy imply that the
BAND A3; (a) low resolution; (b) high resolution of Rip(PFs)2*", hemicage complexes in the MLCT excited state are less distorted
Am'z = 0.5; (c) high resolution of Rilo(PF)s*, Am/z = 1.0. relative to the ground state than are the model complexes in
the MLCT state. The absorption and emission spectra of BAND
2 and BAND 3 samples are similar to those of the parent
complexes or are intermediate between parent and hemicage
spectra.

Emission quantum yieldsd{) in acetonitrile at room
temperature are specified in Table 1. The quantum yields for

- the hemicage complexes are considerably larger than those of
andm'z 1093 (Am/z = 1.0) for [RuL](PFe)". For [Ru(4-phen- o harent complexes. A dramatic increase (a factor of 7.5

2C-Ph)Et]*", corresponding peaks are expecteth@t489 and  (qjative to [Ru(5,5dmb)]2*) was observed for [Ru(5-bpy-
1123 daltons. The spectra (Supporting Information Figures S? 2C)BzJ?t, the most rigid of the hemicage complexes. The
and S3) show peaks at the expected masses. The correspondm@uamum yield of the more flexible complex, [Ru(4-bpy-2C-
enhanced resolution spectra show that the isotopic separationq;tht]H was determined to be 1.3 times that of the corre-
are consistent with a mononuclear structure for these complexessponding' model complex, [Ru(4:dmb)]2+. With the phenan-

Photophysical Properties. Table 1 is a summary of the  ,5jine Jigand, a 4-fold increase e was observed for the
absorp_tlon and room-temperature emission properties of thehemicage complex relative to the parent complex, [Ru(4-
ruthenium(ll) complexes of (5-bpy-2§Bz, (4-bpy-20_-Ph£t, Mephen)]?*. Interestingly, ®em for the bimetallic complex
gnd (4-phen-2C-PEixt. Data are included for the various bands (BAND A3) was found to be similar to that of the parent
isolated by column chromatography on the Sephadex resin. Incomplex, [Ru(5,5dmb)]2*: emission quantum yields for other
each case, BAN_D 1 represents the mononuclear, hemicageganp 2 and BAND 3 samples were also in agreement with
complex, as confirmed by ESI-MS and/or NMR Spectroscopy. he g, values of the corresponding model complexes. These
As described previously, BAND 2 and BAND 3 samples likely

correspond _to polynuclear specigs (or mixtures of complexes). (27) Juris, A.; Balzani, V.; Belser, P.; von Zelewsky, Aelv. Chim Acta
For comparison, values are provided for [Ru(kj?/) 2>27and 1981, 64, 2175.

1007

754

50+
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For Ru complexes of (4-bpy-2C-RBE) (CsgHs4Ne, mass=
846 daltons) and (4-phen-2C-RBB) (CsHagNs, mass= 876
daltons), the first bands to be isolated from the Sephadex cation
exchange column (BANDS B1 and C1) were studied by ESI-
MS. The hemicage complex, [Ru(4-bpy-2C-gEt]?*, would
be expected to give peaksratz 474 (Am/z= 0.5) for [RuLP*
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results indicate that the rigid hemicage structure, and not the 7
ligand itself, is responsible for the observed increase®dn
Encapsulation of Ru(ll) by hexadentate ligands results in

greatly increased room-temperature excited-state lifetimes (Table 6
1). Alifetime of 2800 ns (5.6 times that of the parent complex)
was observed for [Ru(5-bpy-26Bz]?", making it among the
longest lifetimes reported for tris(bipyridyl) complexes of Ru-
(IN. An even longer excited-state lifetime, 3860 ns, was
observed for [Ru(4-phen-2C-REX]%"; this represents a 6.5-
fold increase over the parent complex. Significantly, the lifetime
of this phenanthroline hemicage complex is over twice as long xX
as that of the bipyridine analogue, [Ru(4-bpy-2C4EHti, 3] o
which has the same capping group and substitution pattern. An
opposite trend was observed with the parent complexes. In most
cases, BAND 2 and BAND 3 samples exhibited multiexponen- 2 T r T
tial decay kinetics, and lifetimes are not reported for these 150 200 250 300 350
species. The exception is BAND A3 from the [Ru(5-bpy- Temperature (K)

2C)Bz]*" reaCt'On', This species, as described previously, Figure 7. Temperature dependence of excited-state lifetime of [Ru-
appears to have a dinuclear structure, J&+bpy-2C}Bz)]**; (5-bpy-2C)Bz](PFy); in 4:1 ethanol/methanolx, experimental data
it exhibited single-exponential decay kinetics and a lifetime point; - - -, theoretical curve fit).
comparable to that of the parent complex.
Several factors should contribute to the enhanced excited-of MLCT states, the temperature dependence of the lifetime

1/t (s-1)x 105
»X

state lifetimes of [Ru(5-bpy-2@Bz]?", [Ru(4-bpy-2C-PhEL]?T, can generally be fit to the kinetic expression given in €q 3:
and [Ru(4-phen-2C-Pkt]?t. Itis generally accepted that the

excited-state lifetime of a polypyridyl ruthenium complex is - Ky + k; exp(—=AE,/KgT) @)
governed by the rates of several deactivation pathways, including 1+ expAE/kgT)

vibrational deactivation and thermal population of metal centered

) . 1 :
dd states of conflguratlonné_do . When the_hgand; are  where ko is the temperature-independent rate constant for
cpvalgntly attgched to a capping group, extensive exc.'ted'.Statedeactivation of the MLCT state\E; is the energy barrier for
distortion is hindered, and this decreases the rate of V'brat'onalcrossover from the MLCT state to the dd state, &nds the

deactivation. Similar behavior has been observed in other
constrained systent§. Consistent with this is the fact that the
lifetime of [Ru(5-bpy-2C)Bz]?*, which is known to be the more
rigid of the two bipyridine hemicage complexes, is enhanced
to a greater extent than that of [Ru(4-bpy-2C4H]F*. It is
also possible that a decrease in the rate of thermal population
of the dd excited states accompanies hemicaging. To quantify
this effect on the excited-state dynamics of the hemicage species
the temperature dependence of the excited-state lifetime of [Ru-
(5-bpy-2C)}Bz]>" was investigated.

In general, the observed rate constant of excited-state
deactivationk, is described by eq 1, whete andk,, are the
radiative and nonradiative rates:

rate constant of barrier crossing. While this expression ad-
equately fits the temperature-dependent lifetime data for [Ru-
(bpy)]?" in fluid solution, evidence for the existence of an
additional decay channel via thermal population of a higher
energy MLCT state has been obtained for some compRxes.
This “fourth” MLCT state plays an important role in the
temperature dependence of the lifetime for Ru(ll) complexes
in rigid matrixes3° for osmium(ll) polypyridyl complexed?31
and for certain mixed ligand complexes in which the acceptor
ligand has lows* energy and/or is highly rigid? In all of
these cases, the MLCT to dd activation is inhibited in some
way.

Excited-state lifetimes were measured for [Ru(5-bpysB&if
over the temperature range 6302 K. Figure 7 shows a plot
of decay rate (¥, s 1) vs temperature. Equation 3 did not
provide an adequate fit for these data, and therefore the data
were fit to a three-state model, as shown in €4 4:

1h=k=k, +k 1)

Usually for ruthenium(ll) polypyridyl complexeg; is a minor
contributor to the lifetime. This is not the case, however, for

the hemicage system, due to unusually small radiationless decay + k. exp(=AE./ 1+ k, exp(=AE./
rates. The radiative rate constant is expected to be relatively k= ok, expl K T) + k; expl ZsT) 4
invariant over the temperature range of interest. The nonra- 1+ exp (AE/kgT) + exp(-AE,kgT)

diative rate can be expressed as
A Levenburg-Marquardt fitting routine was used to obtain the
K. =K + Kyg 2 parametersko, ki, ko, AE;, and AE; (where AE;, and AE;
represent the activation energies for crossover fromiNHeCT

where K, is the rate of vibrational deactivation by medium state to the dd state and the higher energy MLCT state,

frequency (e.g. skeletal stretching modes on bipyridine) and low -

frequency (e.g. metalligand stretching and solvent modes) (29 3—”;;@';‘%& n?'igé’é’gz '52'3'\3'"\’\’0”' L. A Murtaza, Z.; Meyer, T. J.
vibrations, andkgyq is the rate o_f deactivation via thermal (30) (5) Allsopp, S. R.: COX', A kemp, T.J.; Reed, WJJChem Soc,
population of dd oB(dr—do*) excited states. For complexes Faraday Trans1 1978 74, 1275. (b) Maruszewski, K.; Strommen,
in which MLCT state deactivation occurs predominantly through 1) Rh;gg'”sca'g' _J-C';-(]- 2”_1 fehn‘:? ﬁ_OCJ1_9|g3ee1dl5\A?33‘5_’~Carassiti v
the dd states and vibrational deactivation of the lowest manifold Traverso, O.J. Chem Soc, Faraday'Trénsl 1979 75, 353. T

(32) For example: (a) Wacholtz, W. F.; Auerbach, R. A.; Schmehl, R. H.
(28) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R; Inorg. Chem 1986 25, 227. (b) Barigelletti, F.; Juris, A.; Balzani,
Meyer, T. J.Inorg. Chem 1996 35, 2242 and references therein. V.; Belser, P.; Von Zelewsky, AJ. Phys Chem 1987, 91, 1095.
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Table 2. Kinetic Decay Parameters Obtained by Temperature-Dependent Lifetime Measurements

complex ko (s79) ki (s AE; (cm™) ko (s7Y) AE; (cm™)
[Ru(bpy)]?+ 2 5.6 x 10° 5.8 x 108 3800
[Ru(5-bpy-2C)Bz]2+ b 2.1x 10° 3.5x 10' 4960 1.2x 108 360

aFrom ref 33, temperature range 24800 K in acetonitrile® Temperature range 16802 in 4:1 ethanol/methanol, estimated errorAffy, +
100 cnrt.

Table 3. Solvent Dependence of Emission Properties of Table 4. Rate Constants for the Quenching of
[Ru(5-bpy-2C)Bz]?" at 25°C [Ru(5-bpy-2C)Bz](PF;). and Its Model Complex by a Variety of
SOVent  Jma (M) ®em 7(ns) k(s k(s Y Quenchers
i —1g1la

dichloromethane 584  0.36 2550 1Ldl(P 2.5x 1C° quenching rate constantg,(M™*s ™)
acetonitrile 598 0.27 2800 0.971C°F 2.6x 10° quencher [Ru(5,5dmb)]?* [Ru(5-bpy-2C)Bz]**
tetrahydrofuran 608 0.32 2640 1R1C° 2.6x 1P oxygen 2.9 10° 51 % 10°

) ) [Fe(phenj]?* 7.2x 108 9.9x 10°
respectively). The calculated parameters for the hemicage methyl viologen 3.1x 1¢° 3.4x 10°
complex, [Ru(5-bpy-2GBz]?", are given in Table 2, along with phenothiazine 1.% 10° 3.6x 10°
previously reported valuésfor [Ru(bpy)]2* for comparison, 4-aminoveratrole 3.6 10° 8.5x 10°

and the theoretical curve fit to the data is shown in Figure 7.  aRate constants measured in deaerated (except f@uénching)
As expected based on increased rigidky for the hemicage  acetonitrile, 0.1 M in NaCl@at 25°C.

complex is somewhat smaller than for [Ru(bgy). Signifi-
cantly, the activation barrier for crossover to the dd stAte{
is more than 1000 cnt larger for [Ru(5-bpy-2GBz]?* than
for [Ru(bpyk]?", but this state is still significant in the

After irradiation for more than 1 day, HPLC analysis revealed
the presence of a photoproduct with a retention tirtg ¢f
27.4 min (g for the reactant, [Ru(5-bpy-2¢Bz]**, was 19.0
SN . min). The retention time and absorbance spectrum of the
deactivation of the excited state at room temperature due to thephotoproduct were determined to be the same as those of the
large value fok;. The results also point to the existence of an complex present in BAND A3t¢ = 27.1 min), which appears
addiltional MLCT state, with an activation barriemﬁf) of 360 on the basis of ESI-MS to be the dimer, ’a«ﬁ-bpy-ZC);-
fhn; raﬁngsae(i?:;?srr]itg fg?%?t?]'gxl O.f 1'5'5;'_06 S it (é‘"t?"t] b Bz),]*". This dimer exhibits a lower emission quantum yield
g > 9 ying excited states by ihan the hemicage complex (see Table 1), accounting for the
Lumpkin et a_l.g). . . observed decrease in emission intensity with irradiation. Evi-
The emission maximum, quantum yield, and room-temper- dently, ligand loss does occur, but the resulting species (in which
ature lifetime of [Ru(s-bpy-ZQBz]H were measured in se\./erall two bpy groups of the hexadentate ligand are coordinated and
solvents of varying polarity, and the results are summarized in the third, photodissociated bpy is dangling but still attached via

Tiﬁ'?hs' IThe C()trm)ltsxes were hlgf:jly_ Iummttesc_?r_llt n ?/" TOIVG?IS’ the capping group) can either self-anneal to reform the hemicage
Wi € longest filetime measured in acetonitrie. - Values for complex or combine with a similar complex to form a dimer.

the decay rateds; (q)/.f) andky (1 = ki), are also rgported. The quantum vyield for dimerization was determined to be 7.4
Thek; values are typical for complexes of this type; h_ov_vever, x 1076, This low value is consistent with the high energy of
Ker values are unu_sually small. The slow raFe_s _Of rad|at|onless activation for crossover to the dd excited state, from which
decay can be attributed to two .fact.ors, the '.”g.'.d'ty imparted by ligand dissociation leading to dimer formation must arise.
the cage structure and the relative inaccessibility of the dd state,;;\wever. since the dd state is still a factor. the photoinertness

which lies at significantly higher energy in the hemicage mu . "
i - ) st be at least partially due to the ability of the complex to
complex. The results presented in Table 3 indicate that while undergo reannealing. The superior resistance to ligand photo-

th? emtlsdsmn egergy, dquanturp yield, ﬁ:ﬂd Ilretm:e a(t:re Stome‘tNhatdissociation demonstrated for this complex makes it an excellent
solvent depen en'kn'r 0€s not vary with sovent. Lontrary1o - .o gjgate for use as a sensitizer for light to chemical energy
what is expected, it is the variation in radiative rate with solvent conversion

that seems to control the effect of solvent on the lifetime. The quenching behavior of [Ru(5-bpy-28)]2* was also

F?e.rhaps the weak dependencekgion E, is an effect of Fhe investigated with a selection of quenchers including oxygen and
rigid nature of the complex, or the energy gap effects might be [Fe(phen)]2+, energy-transfer quenchers: methyl viologen, an

effectively canceled by dd state population differences, so that electron acceptor; and two electron donor quenchers, phenothi-

l:j”rt's.l %ractlclally c??stantlln tthesg tthree sct)Ivent?f. 'tA‘ ”RLPT azine and 4-aminoveratrole. Sterviolmer plots were prepared,
elatied analysis of the solvent and temperature etfects otthis 5, 4 quenching rate constankg, were calculated for [Ru(5-

and other hemicage systems is in progress. b ot : P
. . py-2CxBz]*t and its parent complex, [Ru(3;8mb)]**.
_ - 2+
PP:_ot_och?rIglstgybof [2Ru(5 bzey 2C}BzJ*". F;htot(t)r(]:hten;u;al Results are summarized in Table 4. With all quenchers except
reac |v;t+yo [. u(5-bpy-2CGBz] was compared to that o [ u- oxygen, the hemicage complex gave somewhat larger quenching
(bpy)s]**, which hals a quantum yield for pho';;)su:)smutlon of constants than the parent complex. In the case of methyl
029 i - ining 2. mM : ( . . - Inth
gh(l)or? d'er;agféc\)/?(;a? \(/:voenrtglrl)"rlg q thrgt n(;etrr]?)téjizydi?ergolim;rr::l viologen, the difference is probably insignificant, as thkge
C y P P . 9 values are within experimental error.
loss (as evidenced by no observed decrease in absorbance at The most dramatic increaseskifor the hemicage complex
-boV- 2+ i-
450 nm) occurred fof [Ru(5-bpy-2€5z] undert.hese cond were noted for the reductive quenchers. Previous studies
tions1* However, this study revealed that, while absorbance revealed that the Rl couple is 30 mV less negative for the

at 450 did not change upon irradiation in these conditions, the hemicage complex than for the parent compfesthe increased
emission intensity slowly decreased relative to a thermal blank. driving force for electron transfer undoubtedly contributes to

(33) Caspar, J. V.; Meyer, T. J. Am Chem Soc 1983 105, 5583. the elevatedk, values for [Ru(5-bpy-2(3;_)32]2+, however it Is
(34) Allen, G. H.; White, R. P.; Rillema, D. P.; Meyer, T.JAm Chem unlikely that this effect alone can explain the observed increase

Soc 1984 106, 2613. (by more than a factor of 2) irky; with the quenchers,
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phenothiazine and 4-aminoveratrole. Perhaps there are forcespecies as well as being responsible for the decreased rate of
of attraction between the hydrophobic capping group on the photoinduced ligand loss chemistry. The only photoproduct
hemicage complex and the aromatic quencher molecules thatobserved upon long-term irradiation of [Ru(5-bpy-28J]%"
keep these species in closer proximity, allowing more frequent appears to be a dimer species, jRb6-bpy-2C}Bz);]*". No
encounters which result in reductive quenching. evidence for the formation of dichloro- or disolvato- complexes
The quenching rate constants for the hemicage and parentwas observed, possibly due to the fact that a photodissociated
complexes with oxygen are within experimental error and are bipyridine ligand is held tethered to the complex such that it
near the diffusion limit. Based on this result, it can be concluded can be recoordinated.
that the capping group on the hemicage complex does not shield ¢ hemicage complexes reported here, especially [Ru(5-
the chromophore from pimolecullar.interactior)s with small bpy-2C)Bz]2*, are excellent candidates for use as photosensi-
molecules. 2chause of its long lifetime and hikgh [Ru(5- tizers for a variety of applications. The long lifetime, high
bpy-2C}Bz]*" is well suited for use as a quenchometric OXygen o ission quantum yield, and superior photoinertness have been
Sensor. _The lifetime varies from 25 ns in oxygen saturated achieved without affecting the useful photoinduced electron-
gcet.onltnle (8.1 mM at 25(.:) to more than 100 times that value transfer and energy-transfer capabilities of the chromophore.
in nitrogen-sparged solution. Future work to construct modified hemicage complexes which
Conclusions can be used as building blocks for the construction of molecular

) ) assemblies is planned.
The three hemicage ruthenium(ll) complexes, [Ru(5-bpy-
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dd state in the deactivation of hemicage complexes. A

comparison of the two bipyridine complexes showed that the  Supporting Information Available: Figures showing théH NMR
more rigid of the two structures has the longer lifetime and spectrum of [Fe(5-bpy-2GBz](PFs). in CD;CN (aromatic and meth-
higher emission quantum yield. ylene regions); ESI mass spectrum of Ru(ll) complex with=L(4-

In the case of [Ru(5-bpy-26Bz]?*, it was demonstrated that ~ bpy-2C-PhjEt, BAND B1 (low-resolution spectrum as well as high-
the activation energy for crossover to the dd state is considerablyresolution spectrum of R4t peak); ESI mass spectrum of Ru(ll)
higher than for [Ru(bpy)2t, despite the fact that the hemicage Ccomplex with L = (4-phen-2C-PhEt, BAND C1 (low-resolution
structure does not significantly perturb the first coordination SPectrum as well as high-resolution spectrum of Rudnd RuL(PF)”
sphere and has little effect on the ground state properties of theP€aks) are available (4 pages). Ordering information is given on any
chromophore. The decreased accessibility of the dd state playsCurrent masthead page.
an important role in the enhanced lifetime of the hemicage 1C971322F



