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of the [Ru(dpop)2](PFs). complex with the bridging ligand
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Introduction Experlmental Section

The design and preparation of ruthenium complexes with new Reagents All chemicals an_d solvents used in the synth_e5|s were of
reagent grade. Electrochemical grade tetrabutylammonium tetrafluo-

ligands arg of great Irlter_est 'n,“ght harvestln.g molecﬁn‘é_s. . _roborate (TBATFB) was obtained from Fluka, and tetrabutylammonium
Photophysical properties including the absorption and emission peyafiyorophosphate (TBAH) was obtained from Aldrich. Argon used
spectra, lifetimes, and electrochemical potentials of polymetallic for deoxygenation of solutions was greater than 99.99% pure. The CD
or supramolecular ruthenium complexes are related to the CN (99.95%D) and CDGJ (99.9%D) were obtained from Aldrich.
structure of the bridging ligant13 Our recent research interest  Elemental analyses were performed by Atlantic Microlab, Inc. (Nor-
has been to prepare ruthenium complexes with other highly cross, GA).

conjugated nitrogen heterocyclic ligands that can serve as stable Physical MeasurementsUltraviolet-visible electronic absorption
building blocks for assembly of polymetallic light and energy SPectra were recorded on a Varian DMS 300 spectrophotometer. Cyclic
storage collecting system$The dpop ligand(Figure 1) is of voltammograms were recorded using a Bio Analy_tlcal Systems CV-
interest since it undergoes stable tridentate coordination to alB cyclic voltammograph. The solvent was analytical gradeQN
central ruthenium hub in the [Ru(dpdg?+ ion, and the remote (0.0100 M TBATFB), and potentials were recorded at a Pt electrode

i hould all d dinati Iand are reported vs Ag/AgCHQ0.045 V vs SCE). A BAS PRW-3
nitrogen should allow monodentate coordination to remote metal o|ecqrolysis instrument and cell with a Pt gauze (Alfa Aesar) working

fragments in linear systems without formation of multiple gjectrode was used to generate oxidized and reduced complex metal
structural isomers. The extended aromatic structure Conta|n|ngionsl The oxidized and reduced species for-tls spectroelectro-
four nitrogen atoms in dpdghould also allow for comparative  chemical studies were generated by bulk electrolysappiroximately
red-shifted MLCT transitions and favorable electrochemical 10> M metal complex solutions in C}N/0.0100 M TBATFB and
potentials for energy storage in ruthenium complexes. rechecked in CECN/0.100 M TBAH under constant bubbling with

Ar. The bulk electrolysis cell was fused on a quartz spectrophotometer

(1) Roundhill, D. M. Photochemistry and Photophysics of Metal Com-  Cell, and absorption spectra were recorded in situ, following generation

plexes Plenum Press: New York, 1994. of the oxidized/reduced species. Emission spectra were recorded on a

2 SC_andI(ﬂa, F.; _Bigngzsi, C. mhot?lser&sitizationénd Ph:togatalysis Hitachi model F-3210 fluorescence spectrophotometer with an R928

sing Inorganic and Organometallic Compoun#Suwer Academic Hammamatsu detector. The instrument was fitted with a Hitachi low-

Publishers: Dordrecht, The Netherlands, 1993; pp-18I6. - e :

(3) Balzani, V., EdSupramolecular PhotochemisiiMATO ASI Series temperature cell for emission at 77 K. Emission maxima are uncorrected
C214: Reidel: Dordrecht, The Netherlands, 1987. for detector responséH and**C NMR spectra of the [Ru(dpop]?"

(4) Fox, M. A., Chanon, M., EdsPhotoinduced Electron Transfer ion were recorded in CEZN on a Varian Inova 500 MHz spectrometer
Elsevier: New York 1988. at CU—Boulder, and spectra of dpopvere recorded on a Varian

(5) Juris, A.; Barigelletti, S.; Campagna, S.; Balzani, V.; Belser, P.; von Mercury 200 MHz spectrometer at GtColorado Springs.

Zel ki, A. . Chem. 1 4, 85. . - L .
®) Aﬁggzoh P.CX 9grcijs:mGR,§. ?rg?ad?/véssl A Keene, F. R.; Meyer Synthesis.The mixed denticity ligand dpopvas prepared according

T. J.Inorg. Chem.1994 33, 3863. to the literaturé® with minor modifications® The nitration of phenazine
(7) Murphy, W. R., Jr.; Brewer, K. J.; Gettliffe, G.; Petersen, Jirirg. was carried out at 82C rather than 100C to avoid excessive oxidation
Chem.1989 28, 81. of phenazine, and cyclization of the 1,9-dihydrophenazine was achieved
(8) Denti, G.; Campagna, S.; Sabatino, L.; Serroni, S.; Ciano, M.; Balzani, at 120°C rather than 148C. Anal. Calcd for GsH1oN4-2H,O (318.32
V. Inorg. Chem.199Q 29, 4750. g/mol): C, 67.91; H, 4.44; N, 17.59. Found: C, 68.02; H, 4.46; N,

(9 Souse G i Schoorauer, . Dussig, . Doy, S 900 1175 pverae yild 145 (. 6% GhNs LSHO)

(10) Treadway, J. A.; Loeb, B.; Lopez, R.; Anderson, P. A.; Keene, F. R.;  [RU(dpop)z](PFg)-2H-0. A sample of 0.0951 g (2.99 10~* mol)

Meyer, T. J.Inorg. Chem.1996 35, 2242. of dpopg and 0.0247 g (1.1% 107 mol) of RuCk was mixed in 20
(11) Denti, G.; Campagna, S.; Serroni, S.; Ciano, M.; BalzaniJ.\Am. mL of ethylene glycol and heated at reflux for 30 min. The crude red
Chem. Soc1992 114, 2944. product was precipitated by addition of an equal volume of aqueous

(12) Masschelein, A.; Kirsch-De Mesmaker, A.; Verhoeven, C., Nasielski-
Hinkens, R.Inorg. Chim. Actal987 129, L13.
(13) Bolger, J.; Gourdon, A.; Ishow, E.; Launay, J.hforg. Chem1996

NH4PFs to the cooled solution and collected by vacuum filtration. After

35, 2937. (15) Pfeiffer, F. R.; Case, F. H. Org. Chem1966 31, 3384.
(14) Ruminski, R. R.; Deere, T. P.; Olive, M.; Serveiss,|Borg. Chim. (16) Ruminski, R. R.; DeGroff, C.; Smith, S. lhorg. Chem.1992 31,
Acta 1998281, 1. 3325.
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Table 1. Electrochemical and Electronic Absorption Data for [Ru(dpdp™ and Similar R&" Complexes

Eup
species AnmEM-tcm™) assignment Rai’3*+ Lo L2 reference
[Ru(dpop)z]2* 517 (25.0) MLCT 1.74 —0.51;—0.79 ~1.39;-1.65 this work
422 (5.0)
356 (44.0) MLCT
340 (sh) IL
306 (110) IL
271 (41) IL
[Ru(terpy]?* 478 (14.3) MLCT 1.27 -1.27,-1.51 18,17
[Ru(tpp)] 2+ 475 (~23) MLCT 1.54 —0.83;—-1.07 18
[Ru(bpm)]>* 454 (8.6) MLCT 1.69 —-0.91,-1.08,—1.28 19, 20
418 (8.2) MLCT
332 MLCT
[Ru(bpy)]?* 452 (14.5) MLCT 1.29 —1.31;,-1.50,-1.77 13,19
345 (6.5) MLCT
285 (87) IL
[Ru(bpy)(tpphz)P* 450 (19.7) MLCT 1.38 -0.88,—1.33;—1.51 18
380 (33.9)
361 (24.1)
284 (133)
[Ru(bpy)(hat)P* 484 (sh), 432 (10) MLCT 1.36 -0.84 12

a|n CH3CN vs Ag/AgCL.P In CH3CN vs SCE-£ In CHCN vs SSCE.

E,=+L74V

2 dpop’ -1/2
E,,=-1.39; -1.65 V

2 dpop’ 0/-1
E,,=-0.51;-0.79 V

T ! \ I \ | [ 1

+2.0V +1.0 0.0 -1.0 20V

Figure 2. Cyclic voltammogram and electrochemical potentials vs Ag/
AgCI for [Ru(dpop),]?" in acetonitrile/0.0100 M TBATFB.

air-drying, the product was washed with CH& remove excess dpop
The [Ru(dpop)2](PFs)2:2H,O product was purified by elution from an
Al,0; column with a 1.0 g of NEPR/1 L of acetone mixture, followed
by rotary evaporation to a minimum volume and precipitation with
ether. After it was washed with a minimum volume of water to remove
any excess NiPFs, the product was vacuum-dried at 80 overnight.
Anal. Calcd for [Ru(dpof2](PFs)2:2H,O (991.61 g/mol): C, 43.60;
H, 2.44; N, 11.29. Found: C, 43.61; H, 2.42; N, 11.36. Weight
product: 0.0921 g (9.2% 107 mol), 78% vyield.

Results and Discussion

The [Ru(dpop)2](PFs)2-2H2O compound is air stable and
soluble in a variety of solvents including acetonitrile, acetone,
and water (slightly).

The cyclic voltammogram of [Ru(dp&g]2* ion is recorded
in CH:CN (Figure 2) and displays a reversible R&" redox
couple at+1.74 V vs Ag/AgCl. The potential is more positive
than for homoleptic monometallic Rucomplexes with similar
polypyridyl ligands such as 2;8',2"-terpyridine (trpy)!’
2,3,5,6-tetrakis(2-pyridyl)pyrazine (tppd, 2,2-bipyrimidine
(bpm)1°20 and 2,2-bipyridine (bpy)31920 and this result

(17) Berger, R.; McMillin, D. R.norg. Chem.1988 27, 4245.

(18) Thummel, P. R.; Chirayil, 9norg. Chim. Actal988154, 77.

(19) Rillema, D. P.; Allen, G.; Meyer, T. J. Conrad, Dorg. Chem1983
22, 1617.

(20) Sahai, R.; Morgan, L.; Rillema, D. forg. Chem.1988 27, 3495
(Table 2).

indicates that the Rl dr—dpop pz* back-bonding interaction

is stronger than in previous complexes (Table 1). The oxidation
potential is also more positive than for heteroleptic [(bRy)-
(L—L)]*" complexes with &L = dipyrazido[2,3f:2',3-h]-
quinoxaline (hafy and tetrapyrido[3,22',3-¢c:3",2'-h:2""",3""'-
ilphenazine (tpphz)? however, a direct comparison of Ru
dr—L—L pz* back-bonding interaction cannot be made since
the HOMO contains large contributions from the bpy*@ms
well as L—L px* orbital. The cyclic voltammogram of [Ru-
(dpop),]?* also shows a pair of reversible reductions-&.51
and—0.79 V, and another pair of reductions-&t.39 and-1.65

V. Based on the comparative peak currents with thé*Rt
process, these are attributed to four individual one-electron
processes. The reductions-&0.51 and—0.79 V are attributed

to two dpop®~ processes, and the reductions-at.39 and
—1.65 V are attributed to two dpop—2 processes.

The absorption spectrum of [Ru(dppf?t in CHCN
displays several intense absorptions throughout the visible
UV spectrum (Figure 3, Table 1). Assignment of transitions is
aided by examination of spectral changes that occur upon
oxidation and reduction of [Ru(dp9p|?" and dpop (Figures
3—5). (A table of absorption data for [Ru(dpdf3™2~+0 and
dpop °~2 is deposited as Supporting Information.)

The absorption spectra of [RUdpop);]®"; [Ru(dpop)-
(dpop 7)]* and [Ru(dpop)] (Figures 3,4) were recorded
following oxidation or reduction of a sample of [Ru(dppi?",
in situ, at the appropriate potentials in the sequence shown
below.

+1.85V —0.60 V
= [Ru(dpop),]*" =—
initial solution

—-1.0

—==[Ru(dpop ),]

[Ru*"(dpop),1**

[Ru(dpop)(dpop )]

All steps were found to occur in excess of 90% reversibility
when the samples were rigorously deoxygenated, as estimated
from the regeneration of the initial absorption spectrum. The
absorption spectra of dpbpnd dpop~ (Figure 5) were also
recorded. The reversibility of dpbtpased reductions was
extremely oxygen sensitive.

Consideration of the absorption spectrum of [Ru(dpdf"
and dpofy spectroelectrochemical results, and previous inter-
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Figure 3. Electronic absorption spectra of 1.66 10°° M [Ru-
(dpop)2z]?" and oxidized [Ru(dpd]3* ions in CHCN (0.0100 M
TBATFB) at 24°C in 1 cm path length quartz cell. Inset is the emission
spectrum of [Ru(dpd]?" at 77 K in 4:1 EtOH/MeOH glass.
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Figure 4. Electronic absorption spectra of 1.66 10°° M [Ru-
(dpop)2]?" and reduced [Ru(dpdyp] ° species in CECN (0.0100 M
TBATFB) at 24°C in 1 cm path length quartz cell.

pretations of spectra of similar complexes leads us to the
following assignments for [Ru(dp6jp]?* and the oxidized and
reduced species.

The lowest-energy absorption of [Ru(dppp*™ at 517 nm
and the low-energy tail near 600 nm are attributed t8'Rix
— dpogz* MLCT transitions due to the low energy of the
transition, the loss of intensity after R oxidation, and by
analogy to numerous Ru(ll) complexes including [Ru(tep?/)
and [Ru(tpp)] 7213181t is surprising that the absorption spectrum
of the oxidized [Ru(dpdp]®" complex displays a peak at 516
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Figure 5. Electronic absorption spectra of dp@md dpop~ species
in CH;CN (0.0100 M TBATFB) at 24C in 1 cm path length quartz
cell.

spectrum consistently displays a peak at 516 nm. An exhaustive
(12 h) oxidation of [Ru(dpo,]?+ at +2.00 V does produce
almost complete loss of the 516 nm absorption; however, the
subsequent re-reduction is completely irreversible and is most
likely the result of a secondary reaction. The absorption at 516
nm after [Ru(dpof),]2*/3* oxidation could be the result of a
new dpopr — RUEt dr transition, as has previously been
suggested following Rd’3* oxidation of polymetallic com-
plexes?! The weak absorption maximum at 422 nm lies outside
the energy generally observed for ®Rud—d ligand field
transitions in [Ru(bpy)?* and [Ru(NH)s]?" ions! and at this
time the results do not allow a definitive assignment to this
weak transition. The 356 nm absorption peak of [Ru(dppp
is attributed primarily to a higher energy Ralr — dpop =*
CT transition also due to it's loss upon R(#* oxidation. The
RUA3* oxidation also decreases absorption intensity at 306 nm;
however, the peak remains unchanged in energy and shape near
the wavelength maximum. The shoulder near 350 nm and peak
at 306 nm remaining after Rt3* oxidation (Figure 3) indicate
that dpop intraligand (IL) transitions underlie this region of
the spectrum of [Ru(dpdp]?*. This is supported by inspection
of the absorption spectrum (Figure 5) of uncomplexed dpop
which displays several dpbjiL transitions between 400 and
350 nm and an intense dgap— z* IL transition at 300 nm.
On this basis, the absorption peak at 306 nm for [Ru(6gl8p
is assigned to a dpog — 7* IL transition while the shoulder
near 340 nm to other dpbfL transitions that overlap with the
high energy R&" dz — dpop a#* CT transition at 356 nm.
Reduction of [Ru(dpo,]?™ (Figure 4) produces absorptions
near 625, 575, and 440 nm for the [Ru(dpégpop )] ion
and at 650 and 460 nm for the [Ru(dpop,] complex. By
comparison with the absorption spectrum of the dpon
(Figure 5), the peaks near 650 and 450 nm are assigned to new
dpop ~ &* — dpop ~x* IL transitions in the reduced com-
plexes. The absorption spectrum of [Ru(d@apop )] also
displays an absorption at 575 nm which is assigned to the

nm (a spectroelectrochemical time-based plot is deposited as

Supporting Information). Oxidation at1.85 V was continued

until the absorption spectrum remained constant, and the

(21) Bridgewater, J. S.; Vogler, L. M.; Molnar, S. M.; Brewer, Kldorg.
Chem. Actal993 208 179.
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Table 2. NMR Data for [Ru(dpof)z]?>" and dpop
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species H H3 H4 H5 Hs J2'3 ‘]2,4 J3,4 -]5,6
dpop 9.48 7.92 8.51 8.28 8.38 4.6 1.6 8.0 9.0
[Ru(dpop)2]?+ 7.60 7.34 8.53 8.59 8.75 8.0 1.0 5.4 9.5
C Cs (o7 Caa Cs Ce Cea Cisa Cuap
[Ru(dpop)2]?+ 158.28 127.68 138.56 131.89 134.46 130.08 142.17 151.33 147.54

remaining R&" dzr — dpop #* CT transition. The compara-
tively lower R#" dzr — dpop =* CT energy of the reduced
complex can be explained by a destabilized set of 'Bu
orbitals when simultaneously coordinated to the dpdjmand.
The spectrum of the doubly reduced [Ru(dpop] complex
shows no absorptions associated with a low-lying"'Rdir —
dpop z* CT transition. The changes in the absorption spectra
of the [Ru(dpop)2]?~™0 species follows a similar pattern
previously established for the reduced [Ru(tgp’/)™° seriest’
Samples of [Ru(dpdp]* 2" in 4EtOH/MeOH glass at 77 K
were found to emit at 690 nm following excitation into the
lowest-energy MLCT absorption at 517 nm (Figure 3 (inset)).
No emission was detectable from room-temperature deoxygen
ated samples of [Ru(dp8gl*2+ in CH3CN, 4EtOH/MeOH,
CH,Cl,, THF, or acetone. The absence of room-temperature
emission from [Ru(dpdpy]* 2" in solvents of low Guttman AN

The H, 13C, and'H—13C correlation NMR spectra of [Ru-
(dpop)2]? were recorded, and th&H and °C results are
summarized in Table 2 (spectra are deposited as Supporting
Information). The clear pattern of five sets of proton and nine
carbon resonances is consistent with equivalent coordination
of the dpop ligands in octahedral geometry. TREC NMR
spectrum displays five intense signals from the protonated
carbons and four less intense signals from the deprotonated
carbons, as confirmed by tR8&C—'H correlation spectrum. Of
interest is the large upfield shift of 1.88 ppirthat is observed
for H, upon complexation. Previous assignméhtim the
_downfield position of the carbon adjacent to the nitrogen, in
conjunction with thé3C—1H correlation spectrum, confirms the
doublet resonance at 7.60 ppm with,,Hand the doublet
resonance at 8.53 ppm withylén the [Ru(dpof),]2* ion. The

and dielectric constants suggests that solvent interaction with Upfield shift is the result of kibeing directed in the shielding

the noncoordinated N on the central pyrazine ring is not a
primary deactivation pathway. The emission behavior of [Ru-
(dpop)2]* 2" is similar to that of [Ru(trpyg]* 2", which also emits

in 4EtOH/MeOH glass at 77 ® but is nonemissive in room-
temperature solutiol.2%25 The lack of room-temperature
emission from [Ru(trpy* 2" has been attributed to an effective

region of the orthogonal dpb6jin [Ru(dpop),]?*. This effect
has previously been studied for a series of annelated terpyridine
ruthenium complexe¥.

We are currently involved with the preparation of polymetallic
complexes centered around the [Ru(dpgp" unit.

nonradiative decay path due to an open structure of the excited

state which permits excited stateolvent interactiod® and a
wide bite angle of the three pyridine rings producing a relatively
weak ligand field and allowing for rapid-ed quenching of the
MLCT excited staté*25The lower-energy MLCT state of [Ru-
(dpop)2]2", and the rigid structure of dpoprohibiting large
molecular distortions associated with thedl state would be
expected to reduce MLCTdd interactions compared with [Ru-

(trpy)]**.
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