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Protonation Studies of Reduced Ruthenium(ll) Complexes with Polypyridyl Ligands
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The K, values associated with protonation of the one-electron reduced forms of seriégRaf'[L] 2+ complexes
{L' = bidentate polypyridyl ligand; |= bidentate polypyridyl ligand with additional uncoordinated N atoms in
the aromatic ring system: e.g., dpp 2,3-bis(2-pyridyl)pyrazine, bpz 2,2-bipyrazin@ were assessed using

pulse radiolysis techniques by the measurement of spectral variations as a function of pH. A linear correlation

was observed betweerkKpand E°(Rul',L2"*) for complexes in which the protonatable ligand was at the same
time the site of reduction. In complexes where one or more of the nonprotonatable liganidadlvery lows*
energy leveld e.g. (Ck)4bpy}, reduction occurs on a nonprotonatable ligand and a dramatic decrease Kythe p

values was observed for the reduced species. In complexes where the energies of the protonatable and
nonprotonatable ligands were comparable, the protonation behavior was consistent with some orbital mixing/

delocalization of the electronic charge.

Introduction Hoffman et a7 have investigated the acid/base properties

. - A of the reduced and excited states of the series of complexes
Ruthenium(ll) complexes containing polypyridyl ligands have [RU(bpY)s_m_2(bpm(bpz)]2* (mandz =0, 1, 2, 3m + z <
been widely studied as potential photosensitizers in solar energya. bpy = 2m22-bipyridine) In these pal’tiCl'J|a,I’ c,on,1p|exes_ the
ﬁg:\égglgigzizzemféizCenorﬁlsyﬁ]yg]iy:rilrll%asnfsi mayb;ontaln ligands capable of protonation have also been those with the
eny. bpm= w " . .
2,2-bipyrimidine, bpz= 2,2-bipyrazine and dpp- 2,3-bis(2- lowest-lying #* orbitals, so that protonation occurs on the

pyridyl)pyraziné, which are therefore accessible to protonation uniquely reduced ligand in both reduced and excited states.
reactions. The acid/base behavior of these moieties will differ Other studies of the basicity of peripheral N atoms in polypyridyl

- ligands coordinated to ruthenium centers have included the
between the ground state, excited state and one-electron reducegest ems [Ru(bpy) s(pypm)J2* (pypm= 2-(2-pyridyl)pyrimi-
species, and accordingly these characteristics may providedine)Band comple[;(es containing bridging ligands such as 2,2
information relevant to understanding physical properties of ' '

these types of complexes, such as distribution of electronic bis(2-_pyridyl)j6,Gbibenzimidazolél and similar d(_erivat_iveé%*l“
charges-10 ' 3,5-b|s(2-pyr|dy_l)-1,2,4-tr|azol'é~16and other pyridyltriazole¥;,

-h' ¢ | in tRILCT excited state and pyrazinyltriazole$?
forfr?édt cl)?l gi;rergrzlt?a?ionC Omz eé(fcsﬁelc:] electron isXcIonsidered to Tuning th_e properti(_as of S.UCh com_plexes may be qchieved
ultimately reside on th,e ligand with the lowest level, which through the incorporation of ligands with substantially different
. ! electronic nature¥>2°0One of the particular aims of the current
IS alsp the case for the one-electron reduced spedies. two study was to investigate the influence of adjacent ligands on
situations differ in that the metal centers are formally in the

Ru(lll) and Ru(ll) oxidation states, respectively.
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the protonation processes, specifically Mgy (4,4,5,5-tet- Radical formation and transformations were followed by time-resolved
ramethyl-2,2-bipyridine) and (CB)xbpy (x = 2 or 4; 4,4-bis- UV/visible spectrophotometry. Spectra were measured immediately after
(trifluoromethyl)-2,2-bipyridine and 4,45,5-tetrakis(trifluo- the electron pulse<5 us): the lifetimes of the reduced species were

romethyl)-2,2-bipyridine, respectivelyf} to maximize electronic dependent on the radiation dose (transient concentration), but under
effects: (C'E)szy and’ (CE)4bpy!® have strongly electron- the conditions of the experiments half-lives of the second-order decay

withdrawing substituents on the bpy framework giving the ligand varied between ca. 1600 s. The radical spectra are presented as

| * | | wh i hiah li either (i) the change in absorbance per Gray relative to the absorbance
alowz* energy level, whereas Mbpy will have a high ligand of the unreduced parent complex or (ii) the extinction coefficient of

7* energy as a consequence of the electron-donating methylihe one-electron reduced forms of the complexes assuming complete
substituents. The case of (gkbpy is particularly interesting,  reduction of the parent complex by the €Oradical species.

as thesr* level of the ligand is substantially lower than those Microwave Techniques.Reactions were performed in a modified

of the protonatable ligands (such as bpm, dpp, and bpz): Sharp microwave oven (model R-2V55; 600 W, 2450 MHz) on
accordingly, in complexes containing both @4Bpy and such medium-high powef® 2’ Reactions were carried out in a round-bottom

a protonatable ligand, the site of ligand reduction in the one- flask fitted with a reflux condenser.

electron reduced species would be gZBpy rather than the Materials. Hydrated ruthenium trichloride (*RugkH;0"; Strem),
protonatable ligand as has been the case in all previous studies?2.2-bipyridine (bpy; Aldrich), 2,3-bis(2-pyridyl)pyrazine (dpp; Aldrich),
The consequences on the acidity of the latter ligand would @mmonium hexafluorophosphate (Ms; Aldrich), potassium hexa-
provide a valuable insight into our understanding of the fuorophosphate (KRg Aldrich), AGNOs (Aldrich), NaSO; (Ajax),

electronic nature of one-electron reduced (and ultimately, the NaOH (Ajax), and sodium formate (NaHE\drich) were used as
: . y: supplied. Tetrar-butylammonium hexafluorophosphatené{CsHg)4N]-
excited state) species.

PFs; Aldrich) was recrystallized twice from ethanol/water and dried at

. . 60 °C under vacuum prior to use. Sephadex LH-20 and SP Sephadex

Experimental Section C-25 (Pharmacia), silica gel (26@00 Mesh, 60 A; Aldrich) and
Physical MeasurementsElectronic spectra were recorded using a  activated neutral alumina (standard grade 150 mesh; Aldrich) were used

Cary 5E UV/VisINIR spectrophotometer, and NMR spectra using a for chromatographic_purification of r_qthe_nium complexes. Reage_nt
Bruker AM300 or a Varian Mercury 300 MHz spectrometer. Electro- solve_nts were used without further purification. HI_DLC grade acetonltr_lle
chemical measurements were made in an argon-filled drybox using a (Aldrich) was used for nonaqueous electrochemical and photophysical
Bioanalytical Systems (BAS) 100A electrochemical analyzer. Non- measurements. D_|st|IIed water, used for all aqueous physical measure-
aqueous cyclic voltammetry was carried out using a platinum disk (1 MeNts, was obtained using a Modulab PureOne water purification

mm diameter) working electrode, platinum wire counter electrode and SYStem. Aqueous buffers in various pH ranges used Kampeasure-
Ag/Ag* (0.01 M in acetonitrile) reference electrode. Potentials are Ments were as follow&’pH 0.5-2.1 HCI/KCI; pH 2.2-4.0 KHphthal-

quoted relative to a saturated sodium chloride calomel electrode (SCE); 2¢/HCI; pH 4.1-5.8 KHphthalate/NaOH; pH 5:88.0 NaHPQ/NaOH;

ferrocene was added as an internal standarddation at+0.095 V pH 8.1-9.0 NaB,O;/HClI. In all, ionic strength was maintained by
vs Ag/Ag" (+0.40 V vs SCB?}. Solutions contained 0.1 M ri¢ the presence of sodium formate (0.1 M).
C4Ho)sN]PFs as electrolyte. Typically, scan rates of 200 mVt siere Column Chromatography. Routine purifications of complexes were

employed. For aqueous voltammetry, glassy carbon disk (1 mm diam- Performed using a column chromatography (dimensions 20 cm)
eter), gold disk (1 mm diameter) or hanging mercury drop electrodes With SP Sephadex C-_25 cation exchanger. Details of eluents are given
(Metrohm) were used as working electrodes, with SCE as the referencebelow for the respective complexes.

electrode. Solutions contained 0.1 M 488, and were adjusted to pH Syntheses. The complexes [Ru@DMSO)],? [Ru(bpy)Cl2]*
13 by the addition of NaOH to ensure that the complexes were 2H;0.*° [Ru(HxO)g](tosylate},** and [Ru(bpy)Cf]*? and the ligands
nonprotonated upon reduction. 4,4 5 5-tetramethyl-2,2bipyridine  (Mebpy)2® 4,4 -bis(trifluoro-

Rapid one-electron reduction of the complexes was achieved in methyl)-2,2-bipyridine { (CFs).bpy} ,** and 4,4,5,5-tetrakis(trifluoro-
aqueous solution using the pulse radiolysis facilities at the University methyl)-2,2-bipyridine { (CFs)sbpy}** were prepared by the literature
of Auckland: details of the optical detection system and method of methods. The 2/2bipyrazine (bpz) was prepared by the published
dosimetry have been publish&dPulsed electron§3—4 Gy (J.kg?) method* and recrystallized from boiling hexane. [Ru(bpy)@¥) was
in 200 ns from the 4 MeV Dynaray linear acceleritarere delivered formed as previously describ®and precipitated as its BFsalt from
to N;O-saturated (25 mM) solutions containing sodium formate (0.1 the reaction mixture with aqueous KP$olution. The complex [Ru-
M) and the respective complexes (301). Extremes in pH were  (Mesbpy)](PFs). was synthesized in a manner similar to the method
obtained using hydrochloric acid and sodium hydroxide solutions, Of Togano et al*>®*and was isolated as the £Fsalt by the addition
otherwise phosphate buffers (10 mM) were used to prepare a range ofof KPF.
solutions differing in pH. Under the above conditions, the radicals [Ru(Me4bpy).Cl;]. Method A (the method described by Togano et
produced on the radiolysis of water were quantitatively converted into al. for analogous dichloro specie¥)‘RuCls;-xH,0” (0.390 g; 1.68
the reducing C@~ species within the time scale of the electron pulse mmol, based on 43.5% Ru) was dissolved in EtO¥JH3:2; 15 cnj),
with a yield of 0.68umol J 1,24 which in turn reduced the complexes.
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and the mixture was heated at reflux until a shiny black ruthenium min, during which time the solution changed in color from purple to
residue appeared on the surface of the flask (ca. 3 h)bp§e(0.912 orange. After cooling, the solution was added to acetonitrile/water (2:
g, 4.30 mmol) in EtOH/concentrated HCI (14:1; 22.5%mas added 3; 200 cnd), and chromatographically purified by absorption onto a
and the solution heated at reflux for a further 1 h. The volume of the column of SP Sephadex C-25 cation exchanger and elution with 3:2
reaction was reduced to ca. 10 &nthe solids were collected by  v/v aqueous phosphate buffer/acetonitrile containing 0.2 M NaCl. The
filtration and washed with acetone and diethyl ether. Reduction of the single orange band was collected and the acetonitrile removed by rotary
resultant [Ru(Mgbpy)Cl,]Cl-xH,O intermediate was achieved by evaporation. The product was precipitated by the addition of saturated
suspending it in dilute HCI (3 M; 250 ¢ adding SnGl (70 mg) and KPFs solution, collected, and washed with water. Yield: 34 mg (54%).
boiling the mixture for 2.5 h. On cooling in ice the red-brown product Anal. Calcd for G.HigF24NsP.Ru: C, 33.9; H, 1.60; N, 9.9. Found:
precipitated, and was collected by filtration and washed with cold water. C, 33.9; H, 1.46; N, 9.7"H NMR (CDsCN), 6: 9.76 (s, 2H), 8.95 (s,
Yield: 0.88 g (88%)° 'H NMR (CDCl), d: 1.89 (s, 3H), 2.09 (s, 4H), 8.60 (d, 2H), 7.96 (d, 2H) 7.94 (d, 2H), 7.81 (d, 2H), 7.72 (d,
3H), 2.38 (s, 3H), 2.48 (s, 3H), 7.13 (s, 1H), 7.70 (s, 1H), 7.85 (s, 1H), 4H).
8.83 (s, 1H). The conversion of the RF to the Br salt was achieved by
Method B: [RuC}DMSO),] (30 mg, 0.062 mmol), (Chjsbpy (28.4 metathesis in acetone solution using-{{4Hq)sN]]Br.
mg, 0.13 mmol), and LiCl (100 mg, 2.3 mmol) were added to 1-methyl- [RU{(CFs)4bpy} 2(bpz)](PFs)2 and [Ru{(CFs)sbpy} (bpz)s](PFe)a.
2-pyrrolidinone (1 cr®). The mixture was heated at reflux for 15 min, [RU (CR3)4bpy} 2Cl3] (30 mg; 0.029 mmol) and bpz (30 mg; 0.19 mmol)
cooled and poured into dichloromethane (1Zciwater (10 crf) was were suspended in ethylene glycol (103mith approximately 10
added, the mixture rapidly shaken in a separating funnel, and the deepdrops of water. The mixture was brought to reflux by microwave heating
orange dichloromethane layer separated and dried over anhydrousior 1 min. Silver nitrate (10 mg; 0.058 mmol) was added to the mixture,
N&aSQs. Following filtation, the dichloromethane was removed under and heating continued for a further 4 min. The resultant dark brown
vacuum. Diethyl ether (40 cthwas added to the residue and the solution was left to cool before the addition of water (15%enThe
mixture was refrigerated. The resulting orange solid was collected and product was absorbed onto a cation exchange column directly from
washed with diethyl ether. Yield: 31.4 mg (85%). THd NMR the reaction mixture and purified as previously described. Four separate
spectrum was identical to that given above for the product from method bands were observed upon elution. The first three bands corresponded
A above. to the target compoundl[Ru{ (CFs)sbpy}2(bpz)F™ (band 1}, {[Ru-
[Ru{(CFs)2bpy}Clz] was synthesized using method A above using  {(CFs)sbpy} (bpzk]?" (band 11} and {[Ru(bpz}]>" (band IIl}: the
RuCk-xH-0 (235 mg, 1.13 mmol) dissolved in EtOH#B (3:2; 5 cnd), respective complexes were precipitated as they Rialts from the
and (Ck)2bpy (0.761 g, 2.6 mmol) in EtOH/concentrated HCI (6:1; 7 eluent solutions using aqueous KP$olution The fourth band con-
cn?’. Yield: 0.311 g (35%):H NMR (d:-DMSO0), 6: 10.12 (d, 2HJ sisted of unreacted material. [RCF:)bpy} 2(bpz)](PF)2: Yield: 10
= 6 Hz), 9.40 (s, 2H), 9.24 (s, 2H), 8.25 (dd, 2H+= 6, <1 Hz), 7.93 mg (25%).'H NMR (CDsCN), 6: 7.92 (dd, 2H,J = 3.0, 1.2 Hz);
(d, 2HJ = 6 Hz), 7.45 (dd, 2HJ = 6, <1 Hz). The complex could  8.04 (s, 2H); 8.13 (s, 2H); 8.74 (d, 2H,= 3.3 Hz); 9.27 (m, 4H);
also be synthesized using a slight variation of method B (above): 9.84 (d, 2H,J = 1.5 Hz). [RY(CFs)sbpy} (bpzk](PFs)2:1.5H:0-
[RuClz(DMSOQ)] (82 mg, 0.17 mmol), (CE2bpy (99 mg, 0.34 mmol) 0.5 acetone: Yield: 15 mg (46%). Anal. Calcd fos1 @42oN10F240:P>-
and LiCl (73 mg, 1.7 mmol) were added to 1-methyl-2-pyrrolidinone Ru: C, 31.7; H, 1.86; N, 11.7. Found: C, 31.4: H, 1.62; N, 116.
(2 cn?). The mixture was heated at reflux for 15 min, cooled and poured NMR (CDsCN), 6: 7.82 (dd, 2HJ = 3.3, 1.2 Hz); 7.85 (dd, 2H] =

into a mixture of water (5 cf and dichloromethane (12 én The 3.3, 1.2 Hz); 8.06 (s, 2H); 8.648.67 (m, 2H); 9.21 (s, 2H); 9.78 (s,
dark purple organic layer was separated and the aqueous layer extractedH); 9.78 (s, 2H).

into dichloromethane (5 20 cn?). The combined organic layers were [Ru(dpp)s](PFs)2. This complex has been previously reporéébpt
dried over anhydrous N&O, and following filtation, the dichlo- an improved synthesis was developed using [RO{|(tosylate)3! as
romethane was removed under vacuum. Diethyl ether (59 wras the ruthenium precursor. [RugB)s](tosylate) (74 mg, 0.14 mmol)

added to the residue and the mixture was refrigerated OVernight. Theand dpp (200 mg, 0.85 mm0|) were added to argon_purged methanol
resulting brown/purple solid was collected and washed with diethyl (8 cn). After further deaeration (15 min) the mixture was heated at
ether. Yield: 48 mg (37%). Th&H NMR spectrum was identical to  reflux for 1 h. The volume of the resulting deep red solution was
that given above for the alternative synthesis. reduced and the product precipitated as thg"R&lt by the addition
[Ru{(CF3)4bpy}2Clz]. This precursor was prepared by method B of saturated aqueous NP solution. The solid was collected by
(above), using [RuGDMSO)] (57 mg; 0.118 mmol), (C&bpy (100.0 filtration and purified by chromatography on a Sephadex LH-20 column
mg; 0.235 mmol), and LiCl (100 mg, 2.34 mmol). Yield: 42 mg (35%). (MeOH eluent). The central portion of the major orange-red band was
'H NMR (ds-DMSO0), 6: 6.99 (s), 6.86 (s), 6.12 (s), 5.89 (s). collected and evaporated to dryness. The complex was further purified
[Ru(bpz)s](PFe)2. This complex was prepared by the method of by chromatography on an activated alumina column (acetonitrile eluent).
Rillema et aF® and purified by chromatography on activated alumina, Yield: 77 mg (50%).:H NMR chemical shifts correponded to those
using acetonitrile as the eluent. reported in the literaturé
[Ru(Me 4bpy)2(bpz)](PFe)2. A mixture of [Ru(Mebpy)Cl] (15 mg, [Ru(Me sbpy)2(dpp)](PFs)2. A mixture of [Ru(Meabpy):Cl;] (81 mg,
0.025 mmol) and bpz (8 mg, 0.05 mmol) in ethylene glycol (#cm  0.128 mmol) and dpp (158 mg, 0674 mmol) in 50% agueous meth-
was heated in a modified microwave oven (7 min; Med-High setting). anol (20 crd) was purged with Nand heated at reflux for 3 h. The
After cooling, water (15 crf) was added and the solution applied to &  mixture was cooled, the methanol removed by rotary evaporation, and
cation exchange column (SP Sephadex C-25) and eluted with 0.19 M {he product precipitated by the addition of solid M. The pre-
NaCl. Two bands were observethe major orange-brown band was  cipitate was collected and washed with dilute J®f solution and
CO”eCted and eX'[I’aCted in'[O diCthrOmethane as tm Bﬂt aﬂer the water. Reprecipitation was achieved by dropwise addition Of a satu-
addition of KPRk. The extract was dried using b&O,, and after rated solution of the complex in acetone to stirring diethyl ether. The
filtration the solvent removed. Yield: 21.4 mg (87%). Anal. Calcd for  red-brown solid was collected and washed with diethyl ether. The
CaeHaaF12NgPoRuU: C, 44.4; H, 3.93; N, 11.5. Found: C, 44.5;H, 3.83; crude product was further purified by passage through a SP Sephadex
N, 11.8."H NMR (CD:CN), 8: 9.67 (s, 2H, bpz) 8.47 (d, 2H, bpz),  C-25 cation exchange column (0.15 M NaCl eluent), isolated as a
8.25 (s, 2H, Mebpy), 8.22 (s, 2H, Mgbpy), 7.80 (d, 2H, bpz), 7.24 (s, PR~ salt by addition of solid NEPR, and finally recrystallized
2H, Mesbpy), 7.22 (s, 2H, Mgpy), 2.44 (s, 3H, Mepy), 2.42 (s, from acetone/diethyl ether. Yield: 87 mg (65%). Anal. Calcd for
3H, Mesbpy). CaoHaoF12NgP:RuU: C, 48.0; H, 4.03; N, 10.7. Found: C, 47.8; H, 3.91;
[RU{(CFs)zbpy} 2(bpz)](PFe)2. [RW{ (CF3)2bpy} Cla] (42 mg, 0.056 N, 10.5.
mmol) and 2,2bipyrazine (33 mg, 0.21 mmol) were added to ethylene
glycol (2 cn?), and the mixture was heated in a microwave oven for 2

(37) Brewer, K. J.; Murphy, W. R.; Spurlin, S. R.; Petersen, Jirorg.
Chem.1986 25, 882.

(36) Rillema, D. P.; Allen, G.; Meyer, T. J.; Conrad, Borg. Chem1983 (38) Predieri, G.; Vignali, C.; Denti, G.; Serroni, lBorg. Chim. Actal993
22, 1617. 205, 145.
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[Ru(bpy)2(dpp)](PFe)2. An alternative synthesis was developed to  0.710% A; 26/6 scan mode) was measured on an Enraf-Nonius CAD4
that used previousl§?. The ligand dpp (150 mg; 0.62 mmol) was diffractometer, yielding\, independent reflection®N, with 1 > 3o(1)
suspended in ethylene glycol (25 §nand dissolved by bringing the being considered “observed” and used in the large block least squares
mixture to reflux in a microwave oven. [Ru(bp®2]-2H.0 (90 mg; refinements.

0.173 mmol) was added and the mixture heated at reflux for a further  Anisotropic thermal parameters were refined for all non-hydrogen
1 min, whereupon the solution underwent an immediate change from atoms, except the oxygen atoms of the water molecules (due to high
purple to dark orange. Upon cooling, water (20%mwas added and thermal motion). Hydrogen atoms were placed in calculated positions
the solution applied directly onto a cation exchange column (SP and were not refined. Conventional residud/R, on |F| are quoted,
Sephadex C-25) for chromatographic purification (eluent 0.2 M NaCl statistical weights derivative @?(1) = 0%(l4ir) + 0.0004* (4ir) being
solution). The presence of a large proportion of a green dinuclear used. Neutral atom complex scattering factors were employed, and
ruthenium species was noted. Purification of the mononuclear speciescomputation was by the XTAL 3.4 program system, implemented by
was achieved through reprecipitation via the addition aqueous S. R. Hall*® A summary of crystal data and refinement is compiled
NH4PFs to an acetone solution of the complex. After slow evaporation below and relevant structures are shown in the figures; material
of the acetone under reduced pressure, the precipitate was collectedieposited in the Supporting Information comprises all atomic coordi-
and washed thoroughly with water and ether before drying under nates and thermal parameters, complete bond distances and angles
vacuum. Yield: 55 mg (34%). tables, and full non-hydrogen atom geometries.

[Ru(bpy)(dpp)2](PFe)2:H20. The ligand dpp (250 mg; 1.06 mmol) Crystal/refinement data: [Ru{ CFs).bpy} 2(bpz)]Br:3H:0. CooHos-
was suspended in ethylene glycol (103mnd dissolved by bringing BroF12NgOsRu, M = 1057.46. Triclinic, space groupl (No. 2),a =
the mixture to reflux in a microwave oven. [Ru(bpy)Id40 mg 0.0.09 10.084(1),0 =11.359(3),c = 18.751(3) A, = 92.35(1),4 = 101.3-
mmol) was added in small portions over 10 min and the mixture heated (1), y = 115.15(1}, V = 1887.8(6) R. D. (Z = 2) = 1.860 g cm?3.
at reflux for a further 5 min. The solution underwent an immediate uy, = 26.4 cnt®. N = 7043,N, = 3279;R = 0.073,R, = 0.072.
change from colorless to dark orange on addition of the [Ru(bply)CI
Upon cooling, water (20 c# was added to the reaction mixture and Results

then the compound was purified using cation exchange chromatography B L
as described above. Following collection, purification of the mono-  Syntheses.The [RulL] + complexes{L' = bidentate

nuclear species was achieved through reprecipitation via the addition POlypyridyl ligand; L= bidentate polypyridyl with additional

of aqueous NEPFs to an acetone solution of the complex. After slow ~uncoordinated N atoms in the aromatic ring system: e.g. dpp

evaporation of the acetone under reduced pressure, the precipitate was 2,3-bis(2-pyridyl)pyrazine, bpz 2,2-bipyraziné were gen-

collected and washed thoroughly with water and ether before drying erally prepared by heating the corresponding [RGL] precur-

under vacuum. Yield: 65 mg (54%). Anal. Calcd for [Ru(bpy)(dpp)  sor with an excess of bpz or dpp in MeOH®B#*41and purified

(PFe)2H20, CegHaoN1oF0RRu: C 4417 H 2.93; N 13.5. Found. C, by cation-exchange chromatography (SP Sephadex C-25). The

_44.1_; H, 2.92; N, 13.2. Becaus_e of the existence of geometric isomers hoor hasicity of the (Cgyopy X = 2 or 4) and bpz ligands

It? tmiﬂg’mp'ex' eaChIWg% p?'”t group symmetry, characterization o5 sed some synthetic difficulties using this method. However,
y was extemely difficult. the syntheses of complexes containing {albpy, and of the

Ru{(CF3).b d PFe)2. A solution of d 188 mg, 0.80 b .
mrLoI){i(n 582;0 g)(;}uzéoﬁg)%etr%nol (20 Yrwvas purgzd(with NgAﬂer complex [Ry (CFs)zbpy} 2(bpz)F*, were achieved by employing

addition of [RY(CFs):bpy}-Clz] (85 mg, 0.11 mmol) and further ~ @& Mmicrowave technique. In this method the {R0Fs)bpy} 2Cla]
purging, the mixture was heated at reflux under fdr 3 h. The (x= 2 or 4) precursor was combined with excess bpz or dpp in
methanol was removed by rotary evaporation and the product precipi- €thylene glycol, and the mixture rapidly heated in a modified
tated by the addition of solid N#PRs. The precipitate was washed with  microwave oven. Some ligand scrambling was observed in the
dilute NH4PFs solution and water. The orange solid was further purified attempted synthesis of [R(CFs)4bpy}2(dpp)F", and [Ru-

by chromatography on a SP Sephadex C-25 cation exchange column{ (CF;),bpy} (dpp)]2t was isolated as the major product. It is
(0.2 M NaCl eluent). The central portion of the orange band was ngted that in earlier studies involving the ligand (EBpy,
collected and the product precipitated by addition of saturateds KPF difficulties were reported in obtaining bis(ligand) spedés.

solution. The orange solid was collected and recrystallized from acetone/ .
diethy! ether. Yield: 65 mg (56%). Anal. Calcd fokgBl2oF12NsP.RU: Crystal Structure of [Ru { (CF3)2bpy} 2(bpz)]Br2-3H20. The

C, 37.7; H, 1.83; N, 9.3. Found: C, 37.8; H, 1.76; N, 9.6. X-ray crystal structure of [RUCFs)2bpy} 2(bpz)]Br2-3H;0 is

[Ru{ (CF3)sbpy} (dpp)2](PFe)2. The complex was obtained in an  eported, and the structure of the cation is shown in Figure 1.
attempt to synthesize [R(CFs)4bpy} A(dpp)](PR)z. The ligand dpp (30 The complex crystallized in the triclinic space groBp with
mg; 0.097 mmol) was suspended in ethylene glycol (16)camd one whole molecule comprising the asymmetric unit. Bond
dissolved by bringing the mixture to reflux in a microwave oven. [Ru- lengths (average ReN = 2.05 A) and angles about the
{(CR)4bpy}2Cl2] (20 mg; 0.019 mmol) was added and the mixture octahedral ruthenium(ll) center were similar to those reported
heated at reflux for a further 1 min. The solution underwent an im- for analogous Ru(pp)omplexes (pp= bidentate polypyridyl
mediate change from colorlgss to dark orange on addition of the [Ru- ligand)3542-45 An interesting feature is observed in the overall
{(CR)dbpy}Cla]. Upon cooling, water (20 cfp was added and the o cking of the complex. The bromide anions occupy “voids”
solution applied directly onto a cation exchange column (SP Sephadexbetween the octahedral cations but appear to be involved in

C-25). Upon elution with 0.2 M NaCl solution, three overlapping . . . | .
orange-brown bands were observed. The central portion of the middle extended interactions with the arene rings of the heterocyclic

(major) band was collected and purification achieved through repre- ligands of the cations (the packing diagram is available in
cipitation via the addition of aqueous MPF; to an acetone solution

of the complex. After slow evaporation of the acetone at reduced (40) Hall, S. R.; King, G. S. D.; Stewart, J. M. Xtal3.4 User's Manual.
University of Western Australia, Lamb, Perth, Australia, 1995.

pressure, the precipitate was collected and \_Nas.hed thorougzly with water( 41) Brown, G. M.. Weaver, T. R.: Keene, F. R.. Meyer, Tindrg. Chem.
and ether before drying under vacuum. Yield: 15 mg (6%%). 1976 15, 190
X-ray Structure Analysis. Red-orange crystals of [R(CFs)zbpy} »- (42) Bardwell, D.; Jeffery, J. C.; Joulie, L.; Ward, M. D. Chem. Soc.,
(bpz)]Br:3H,O were obtained by evaporation of an aqueous solution Dalton Trans.1993 2255.
of the complex. (43) Hage, R.; Haasnoot, J. G.; Nieuwenhuis, H. A.; Reedijk, J.; De Ridder,
Structure Determination. A unique room-temperature diffracto- D. J. A; Vos, J. GJ. Am. Chem. S0d.99Q 112, 9245.

(44) Balzani, V.; Bardwell, D. A.; Barigelletti, F.; Cleary, F. L.; Guardigli,
M.; Jeffery, J. C.; Sovrani, T.; Ward, M. . Chem. Soc., Dalton
Trans1995 3601.

(39) Denti, G.; Campagna, S.; Sabatino, L.; Serroni, S.; Ciano, M.; Balzani, (45) Fletcher, N. C.; Junk, P. C.; Reitsma, D. A.; Keene, FJRChem.
V. Inorg. Chem.199Q 29, 4750. Soc., Dalton Trans1998 133.

meter data setT(~ 296 K; monochromatic Mo K radiation,A =
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Table 1. Electrochemical Data for [Ruf?" Used in This Study

CH:CNe 0"
Ei, V vs SCE E,VE

complexes R ligand reductions VRS,UESF
[Ru(bpz)] +197 -071 -089 -116 —0.74
[Ru(Mesbpy)(bpz)B+ +1.35 —-0.94 -162 -—-190 -1.02
[RU{(CF):bpy}(bp2)E* +1.80 —0.78 —0.98 —1.21 —0.9%
[RU{ (CF):bpy 2(bp2)p* ~2.2 —0.33 —0.46 —0.4%1
[RU{(CFa)bpy} (bpzy]2* >2.° —0.31 -0.80 0.99 —0.4%
[Ru(dpp)2" +162 —092 -1.11 -1.39 -098
[RuMesbpyp(dpp)pt  +1.23 —-1.10 —-1.72 —1.97 —1.18
[Ru(bpyk(dpp)B+ +1.40 -1.04 —-147 —170 —1.10
[Ru(bpy)(dpp)]2+ +151 —098 —-1.20 —1.66 —1.01

[RU{ (CFs)2bpy} (dpp)R*  +1.69 —0.85 —1.02 —1.29 —0.88
[RU{ (CFs)sbpy} (dpppl2t ~2.2 —0.38 —0.86 —1.06 —0.42
[RU{ (CFs)2bpy} o2+ 21 +1.75 —0.77 —0.93 —1.16
[Ru(Mesbpy)s] 2 +1.04 -1.60 —1.80 —2.05

aRecorded at a Pt disk electrode; solutions contained 0.1rM [(
C4Ho)sN]PFs. P Recorded at a glassy carbon electrode; solutions
contained 0.1 M N#&80O, and 0.1 M NaOH (pH 13 unless otherwise
stated).© Uncertainty inE/, values ca+ 20 mV.9E° (SCE)= —0.24
V vs NHE. ¢ Adsorbs to electrodeg, ¢ is listed.f pH 11.9 Irreversible;
Epais listed." Irreversible;E ¢ is listed.' pH 9.2.

_ _ ) tions and were instead measured at pH 9 or 11. The first ligand-
Figure 1. ORTEP diagram of the cation [R(CFs)2bpy}2(bpz)F* (H based reduction was reversible except for complexes containing
atoms omitted for clarity). Mesbpy, which exhibited irreversible or partially reversible

i , reductions, and complexes with the ligand gZBpy, where
Supplementary Information, Figure S1). Thus, Br(1) has contactshe requced species adsorbed to the electrode (indicated by a

with five arene carbon aton{8r(1)—C(4), 3.65, Br(1) C(7), stripping peak during the reverse scan). Adsorption was also
3.67, Br(1)-C(13), 3.53, Br(1)-C(14), 3.61 and Br()C(32), observed at gold disk and hanging mercury drop electrodes. For

3'.49 A, and Br(2) has two such contacts of 3.'59 a”‘?' 3.63 A these complexes the cathodic peak potentialg @re listed in
with C(25) and C(30), respectively. These interactions are t4pje 1.

shgerter than the sum (3.68 A) of.the ionic radius Qf I§1.95 The additive effects of the component ligands on thé"Ru

A) 47and the van der W"’,‘als radius of an aromatic ring (1.73 couple in acetonitrile, previously parametrized by Leanere

A).#” Coupled with established-FC(arene) F--C(arene cen- o4 1o pe predictable and consistent in the present series of
troid), 3.10-3.46 A} 48 and t--C(arene) | -+-C(arene centroid), complexes. For example, the oxidation of [RUFs):bpy}»
3.60-3.78 A, with the shortest4:C distance of 376(2) }&19 (bpz)]2+ (+180 V Vs SCE) falls between that of [R(lCF3)2'
distances in calixarene chemistry, these interactions are con-bpy}3]2+ (+1.75 VP! and [Ru(bpz)|?* (+1.97 V), and as

sidered significant. Specific interactions of anions with com- expected it is closer to the former since it contains twoJ&F
plexes of this type have been noted receffti§ialthough from bpy ligands and one bpz ligand.

those Sth',eS Br WOUld not have been expected to show The assignment of the ligand-based reduction processes in
substantial interaction, so that the present observation in they,o complexes [RICFs)2bpy}2(bpz)Bt and [RY CFs):bpy} -

solid state is of interest. The Branions are also involved in (dpp)P* is less clear. A parametrization procedure of Lever et

hydrogen bonding interactions with the water molecules Rf al.53 has been used successfully to differentiate between alternate
crystallization: Br(1) is hydrogen bonded to O(2) at 3.32(2) possible ligand reduction sites in complexes where the choice

and Br(l) is bound to O(l), 0(3), and OXﬁt 345(1), 306(2), has been ambiguo&g using the relationship

and 3.65(3) A respectively. '
Electrochemistry. Electrochemical characteristics of the —

complexes were studied in acetonitrile solution by cyclic Ered S'ZE"(L) T

voltammetry and differential pulse voltammetry. Table 1 lists

the redox potentials of the R{! couples and the sequential

reduction couples for the various complexes.

{Ereqis the potential of the first ligand-based reductiSnand

I are constants relating to a Ru center RuL whelethe ligand

. . i which is the site of the reduction, arl is the fundamental
Cyclic voltammograms in aqueous solution were generally g|ectrochemical paramet@mssociated with the other (nonre-

determined at a glassy carbon working electrode, with the ;.4 ligands From previous studies, the values for Ru(bpz)

solutions at pH 13 (to ensure deprotonation) and containing 0.1{5_ ='0.33,1, = —0.95% and Ru(dppfS = 0.38,1, =

M Na,SO;. Some complexes were unstable under these condi- ~1.20 19 aré Known .and the values for R@Fz)zt;py]: may

- be calculated aS = 0.34,1, = —1.04 using the electrochemical
(46) Sﬂfﬁ;ﬁéii’ \I’_Voar']'(‘j"‘gﬁ' Té%hem's“y Data Book, SIEdlohn Murray  gata for the series of complexes [Ru(bpyy (CFs)2bpy} 2"
(47) Pauling, LNature of the Chemical Bon@rd ed.; Cornell University (n = 1-3).2 On this basis, t.he pOt?nt|a| of the first reduction
Press: Ithaca, NY, 1960. for [Ru{ (CFs).bpy}2(bpz)E* is predicted to be-0.74 V (vs
(48) Srt%?digjéagvgé; Juneja, R. K. Atwood, J. Angew. Chem., Int. Ed.  SCE) if bpz is the site of reduction, areD.76 V if (CFs)-bpy
(49) Holn'qan‘ KT Hallihan, M. M.: Jurisson, S. S.. Atwood, J. L: IS the site: the observed value+i9.78 V so that the technique
Burkhalter, R. S.; Mitchell, A. R.; Steed, J. W. Am. Chem. Soc.
1996 118, 9567. (52) Lever, A. B. PInorg. Chem.199Q 29, 1271.
(50) Keene, F. RChem. Soc. Re 1998 27, 185. (53) Dodsworth, E. S.; Vicek, A. A.; Lever, A. B. fhorg. Chem.1994
(51) Fletcher, N. C.; Keene, F. R. Chem. Soc., Dalton Tran$999 683. 33, 1045.
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Table 2. Lowest Energy MLCT Absorptiofmay, EMissionAmasx
and Emission Lifetimerem, for Complexes in CECN Solution

complex Aabs(NM)  Aem(NM)  Tem (NS AEy°
[Ru(bpz}]** 440 614 785  2.68
[Ru(Mesbpy)(bpz)P* 492 720 210 2.29
[Ru{ (CFs)2bpy} 2(bpz)B* 450 640 1630 2.58
[Ru(dpp)]* 458 647 185 2.54
[Ru(Mesbpy)(dpp)B* 486 703 182 2.33
[RU{ (CFs)2bpy} o(dpp)P* 457 632 1040 2.54

2 Estimated uncertainty: 5%. ° AE1, = Eqp(RUM) — Eyqfirst
ligand reduction)¢ Uncorrected for detector response.

can clearly not be used to make the assignment for this complex

system. Indeed, the potentials for the first reductions of the two

homoleptic complexes based on the same ligands, viz. [Ru-

(bpz)]?" and [RY (CFs)2bpy} 3]2H, are extremely close so that
the site of the reduction in the mixed-ligand complexes remains
ambiguous. For [RUCFs).bpy} 2(dpp)ET, the potential of the
first reduction is predicted to be0.92 V (vs SCE) if dpp is
the site of reduction and-0.79 V if (Cks).bpy is the site,
whereas the observed value 490.85 V which is mid-way

between the two calculated values. Again, the parametrization

technique cannot provide a definitive assignment for the site of
the reduction: however, since the first reductions of the two
homoleptic complexes involving the same ligands, [Ru(elgp)
and [RY (CRs).bpy} 3%, are —0.92 and—0.77 V (vs SCE)
respectively, (Ch)2bpy might be regarded as the more likely
site of reduction in the mixed-ligand complexes.

Complexes containing the ligand (§fbpy exhibit ligand
reduction potentials shifted anodically from their @:Bpy
analogues by 0.5 V. In the mixed-ligand complexes{[@ks)4-
bpy} 2(bpz)E" and [RY (CFs)sbpy} (bpz)]?*, the first ligand
reduction occurs at ca-0.33 V vs SCE. The effect of the
additional electron-withdrawing GBubstituents is not reflected
in the RW" potential, which shifts to more positive potentials
by only 70 mV from [Ru(bpz]?* to [RU (CFs)4bpy} 2(bpz)F+.

In agueous solution, the first reduction occurs—.41 V vs
SCE for all three (CEjsbpy-containing complexes.

Electronic Absorption Spectra and Excited-State Proper-
ties. Absorption and emission spectra were recorded in both
acetonitrile and aqueous solution. The lowest energy MLCT

absorption maxima and the emission maxima are listed in Table

2, along with excited-state lifetimes and data for the relevant
homoleptic species. In acetonitrile, there is a close correlation
between the energies of the lowest MLCT absorption and the
electrochemical quantitAE; ., as generally expected for Ru-
(1) complexes involving polypyridyl ligands.

The incorporation of ligands of different energies and

electron-donating properties about the metal center demonstrateé

that the electronic effects of (GRbpy and dpp on the Rug
level are not significantly dissimilar ([RYCFs)2bpy}s]?*:
Eio(RUMY) = 4+1.75 V; [Ru(dpp)]?t: Epp(RUV) = +1.62
V), whereas the presence of the electron-donating methyl
substitutents in the Mppy ligand leads to a significant cathodic
shift in the redox potentiaf [Ru(Mesbpy)]2t, Eyp(RUM) =
+1.04 \}.

Consequently the complexes [Ru(dgp) and [RY (CFs).-
bpy} 2(dpp)E+ possess a single nonsymmetric MLCT absorption
band centered ca. 455 nm, while [Ru(py)(dpp)E" has two
distinct bands at 486 and 418 rift2°The lowest energy MLCT
transition for [Ru(Meabpyy(dpp)E™ {Ru(d,) — x*(dpp)} is
significantly red-shifted relative to that of [Ru(dgl®)" and [Ru-
{(CRs),bpy} 2(dpp)E" due to the stabilization of the “hole” at
Ru(lll) by the presence of electron-donating methyl substituents
in Me4bpy 1220 Similarly the (CR).bpy and bpz ligands have

Anderson et al.
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Figure 2. Transient absorbance difference spectra obtained from the
pulse irradiation of NO-saturated aqueous solutions containing:&D
[RU{(CRs)2bpy} 2(bpz)P™ and 0.1 M HCQ™ at pH 3 ©) and pH 12

(®@). Inset: pH dependence &A at 370 nm.

comparable electronic effects on the Ru(ll) center, which are
quite different to those of M@py. Hence the pattern of MLCT
absorption for the bpz series is analogous to the dpp series.

The excited state properties of the complexes in acetonitrile
appear to be entirely consistent with the ground-state electro-
chemical and spectral properties. The wavelength of the emission
maximum, Aem, IS red-shifted relative to the corresponding
absorption band, and the order of excited-state energies for the
series of complexes matches that of the absorption energies and
AEy),. For example, the emission from [Ru(dplB) (Aem = 647
nm, Aaps = 456 nm,AE;;, = 2.54 V) occurs at lower energy
than [Ru(bpzy]?" (em = 614 NM Aaps= 444 nm,AE;, = 2.68
V). The significant difference in emission energy for the
complexes of [R{(CFs)2bpy}2(dpp)P* and [Ru(Mabpy)-
(dpp)ET is a consequence of a difference in the Ri(evel
due to the presence of electron-donating methyl substituents in
the Mebpy ligand and the lowering of the* level due to the
presence of the electron-withdrawing trifluoromethyl substituents
in the (CR)2bpy ligand!®2°Similarly [Ru{ (CFs)2bpy} 2(bpz) B+
emits at higher energy than does [Ru(@dey)(bpz)F". It
should be noted that some of thg, data are from spectra which
have not been corrected for detector response. As the correction
function is smooth and monotonically increasing the relative
order of the emission energies would remain constant and thus
the comparison remains valid. Correctég, are red-shifted
relative to the uncorrectet:m.

The excited-state properties in aqueous buffer solution are
analogous to those in GBN. In general, the emission is slightly
red-shifted in accordance with the stabilization of the excited
state afforded by the more polar solvéht.

Pulse RadiolysisThe concentrations of the compounds-(50
100 uM) were chosen to ensure their rapid reduction by the
COy~ species within a fewus following the electron pulse.
The observed rapid reduction was consistent with the second-
order rate constants being ca. 4Q.° M~1s™1, which is near

the upper limit reported for similar sized and charged com-
plexes3® leading to spectral changes attributed to the loss of
RuL?" and the formation of Rd. Transient absorption spectra
for [Ru{ (CFs)2bpy} 2(bpz)E" are presented in Figure 2.

The spectral changes are dependent on pH, with limiting
values in acidic and basic solution. Measurement of these
spectral changes at selected wavelengths as a function of pH
leads to “titration curves”, from which the<g of RuLH2* can

(54) Kober, E. M.; Sullivan, B. P.; Meyer, T. Inorg. Chem.1984 23,
2098.
(55) Neta, P.; Huie, R. E]. Phys. Chem1988 17, 1027.
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Table 3. Reduced-Stately Data

complex Ka(RULH2T)a
[Ru(bpz)]?* 7.1
[Ru(Mesbpy)(bpz)F* 9.2
[RU{ (CFs)2bpy} 2(bpz)F* 7.6
[RU{ (CRs)sbpy} 2(bpz)P* 2.
[Ru{ (CFs)4bpy} (bpz)]** 2.9
[Ru(dpp}]?* 9.1
[Ru(Mesbpy)(dpp)F* 10.5
[Ru(bpyX(dpp)P* 10.5
[Ru(bpy)(dppy]** 9.5
[RU{ (CRs)2bpy} 2(dpp)P* 8.6
[RU{ (CFs)abpy} (dpp)]?* 1e

a Estimated uncertainty in pH valugs0.1 unless otherwise shown.
b An upper limit to the K, is quoted, as the lower (acid) limit of the
pH curve could not be obtained (lower limit is less than pH 0.6).
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Figure 3. Absorption spectra of the one-electron reduced forms of
[RU{ (CRs)2bpy} 2(bpz)F" in aqueous solution corrected for the loss in
absorption of the parent complex: [RJL (®); [RuLsH]?"(O). Inset:
Absorption spectrum of the parent compound {f&Fs).bpy} (bpz)F*.

be determined. Thelf values of the one-electron-reduced
species are listed in Table 3.

If it is assumed that all of the generated £0reacts with
RuL?", and A[RuL**] = —A[RuL?"] = 0.68 umol J* of
radiation energy absorbééthenAA = Ael[RuL*"], whereAe
= ¢(RuL*") — ¢(RuL?"). A knowledge of the dose per pulse,
AA ande(RuL?") leads to the determination efRuL**) as a
function of wavelength, as shown for [RICFs)2bpy} 2(bpz) B+
in Figure 3. Table 3 listsk, values determined for the ground
and reduced state (protonated and nonprotonated) species.

The UV/vis spectra of the reduced species show two band

Inorganic Chemistry, Vol. 39, No. 13, 200@727
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Figure 4. Relationship betweenka and E° of the bpz ©) and the
dpp @) complexes investigated [¥ bpy; M = bpm; T = Mesbpy; Z
= bpz; F= (CR)bpy; F = (CF)4sbpy]. The data for the complexes
designated MZ, MZ,, YZ, and Y,Z are taken from ref 6. The lines of
best fit refer to dpp-containing=) and bpz-containing{ —) species.

conjugate acid of the free ligarf®>8.5°This has been interpreted
as demonstrating that the-donor strength of the ligand
modulates the d-orbital energy of the metal, altering the charge
on the metal center and the resultant redox poteh#zds 5
Hoffman et al. extended this to show a correlation between the
pKj, of RuLH2* and the reduction potential of the complexes
[E°(RUL2"/RulL*")].? It was found that complexes in which 2,2
bipyrazine was the site of both localized reduction and proto-
nation could be clearly distinguished from those in whicH-2,2
bipyrimidine was the uniquely reduced and protonated ligand.
This was indicative of different-donor ands-acceptor proper-
ties of the ligands and their-back-bonding interactions with
Ru(ll).

This linear relationship between reduced-stakg and E°-
(RuL?"/Rul*") was also observed in the complexes presented
here where the site of reduction was the protonatable ligand.
However, in complexes containing one or more of the low
energy (CE)4bpy ligands, the reduced-states exhibit a marked
increase in acidity, with an upper limit to theKpfor these
complexes estimated at ca. 1.8. TH&; walues are shown in
Figure 4 as a function of the® values. These lowky, values
are rationalized in terms of the added electron upon reduction
being located on a ligand adjacent to the protonated bpz or dpp.
However, these species are less acidic than their ground-state

envelopes (ca. 350 and 500 nm) corresponding to the ligand- parent analogues because of the reduced overall positive charge

localized ¢ — r*) and MLCT (d, — =*) transitions®53 Pulse
radiolysis experiments on bpyhave shown that protonation
causes the ligand-localized transitions to shift to higher erfergy.
Similarly, protonation of Rut™ results in a blue-shift of the
visible spectral bands.

Relationships between Acid-Base Properties of Reduced
States with Those of the Ground and Excited Statesdoffman

et al. have investigated the acid/base properties of the complexe$6?)

[Ru(bpyk-m-Abpm}(bpz)}]?" (mandz=0, 1, 2, and 3 anch
+ z < 3) and in particular determined th&pvalues of the
one-electron reduced species, RutkP The monoprotonated

one-electron reduced species of this series are much weaker
acids than their monoprotonated nonreduced parent com-

pounds® In these reduced complexes, protonation occurs on
the uniquely reduced ligand (bpz when present, or bpm) and
the significantly higher i, values upon reduction are conse-

quently due to the increased electron density on the reduced

ligand.
Various workers have reported a correlation between the
redox couples of the above complexes and tkg pf the

on the complex. Ground-stat&pmeasurements on a series of

(56) Heath, G. A.; Yellowlees, L. J.; Braterman, PJSChem. Soc., Chem.
Commun.1981, 287-289, 287.
(57) Rugge, A.; Clark, C. D.; Hoffman, M. Z.; Rillema, D. Porg. Chim.
Acta 1998 279, 200.
(58) Kawanishi, Y.; Kitamura, N.; Tazuke, Biorg. Chem1989 28, 2968.
(59) Crutchley, R. J.; Lever, A. B. Pnorg. Chem.1982 21, 2276.
Some difficulties were experienced with obtaining a satisfactory
microanalysis for this complex. It was apparent from the NMR studies
that it was particularly susceptible to substitution of the chloro ligands.
However, a characteristic of the My ligand is that all aliphatic
and aromatic resonances will be singlets, and since the [Re(Me
bpy)Cl;] product hasC,, point group symmetry, théH NMR
spectrum is quite definitive for characterization.
Considerable difficulties were experienced with absolute characteriza-
tion of this complex. By analogy with the corresponding bpz complexes
(above), the major band corresponded to {{&Fs)4bpy} (dppk]%F;
however, because of the unsymmetrical nature of the dpp ligand, the
NMR spectrum of the resultant mixture of geometric isomers was not
able to be interpreted. Furthermore, a satisfactory microanalysis could
not be obtained. On the basis of the synthetic technique and the
electrochemistry data obtained, it was felt that its identity was
sufficiently established to include its protonation behavior in the present
series of complexes.

(61)



2728 Inorganic Chemistry, Vol. 39, No. 13, 2000

related{bpm, bpz, pypm € 2-(2-pyridyl)pyrimidine} com-
plexes have been measured by Rugge éf and found to be
in the range-1.6 to—5.0. Complexes of the type [Ru(bpyh--
(bpm)y(bpz)]?™ (mandz =0, 1, 2, and 3 anan + z < 3),
where bpz was the protonated ligand, had ground-stite p
values of—1.6 to—2.7.

In the complex [R{(CFs)2bpy} 2(dpp)F*, (CFs)2bpy is pos-

Anderson et al.

nation. From the measurement of spectral variations as a
function of pH, the K, values of L,RuU'LH?" were determined,
and a linear correlation was observed betwedf, and
E°(RuL',L2"*) for complexes in which the protonatable ligand

L was also the site of reduction. In complexes where one or
more of the ligands had very low* energy leveld e.g (CFs)4-
bpy}, reduction occurred on the nonprotonatable ligand, L

sibly the site of reduction (see above). We might therefore expect There was a dramatic decrease in th€, palues for these

a lower K, for [Ru{ (CFs)2bpy} 2(dpp)F™* than is observed (8.6)
and behavior similar to [R{CFs)4bpy} (dpp)]**, where the site

reduced species compared to complexes in which the same
ligand was associated reduction and protonation. In complexes

of reduction is also adjacent to the dpp ligand. In fact it appears where thex* levels of the ligands L and 'Lare comparable,

that the lowest energy* orbital in [Ru{ (CFs)2bpy}2(dpp)I™
has a mixture of (Cf.bpy and dpp character, whereas the
greater energy mismatch between ¢zbpy and dpp ligands
in [Ru{ (CFs)2bpy} 2(dpp)I*™ means that the site of reduction is
essentially located on a (Gkbpy 7* orbital.

On the basis that protonation occurs on the uniquely reduce
ligand in both reduced and excited states, preliminary studies

the behavior of the complex is consistent with some orbital
mixing/delocalization of the electronic charge.
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Conclusions/Summary

One-electron reductions of a series 6fRU'L2" complexes
{L" = bidentate polypyridyl ligand; = bidentate polypyridyl
with additional uncoordinated N atoms in the aromatic ring
system: e.g. dpp= 2,3-bis(2-pyridyl)pyrazine, bpz= 2,2-

Carolina, Chapel Hill) for the measurement of the emission
lifetimes of the complexes [Ru(bptd™, [RU{(CFs).bpy}o-
(bpz)F", and [Ru(dppj?t in acetonitrile solution, presented
in Table 3.

Supporting Information Available: Text listing of visible spectral
data for complexes in the study (in acetonitrile solution), a figure of
the packing diagram for the X-ray crystal structure of {RZFs).bpy} >

bipyrazing were achieved by pulse radiolysis. UV/vis spectra (bpz)]Br*3H,0, and X-ray crystallographic files in CIF format for [Ru-

of the reduced species show two band envelopes correspondin

to x — 7*(L*7) (ca. 350 nm) and thexd— z* | (ca. 500 nm)

(CRs)2bpy} 2(bpz)1Br-3H,0. This material is available free of charge
ia the Internet at http://pubs.acs.org.

transitions, and these bands undergo a blue shift upon proto-1C991070D



