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Contribution from the Dept. of Chemistry,

York University, North York (Toronto),

Ontario, Canada, M3J 1P3

Bis(Dioxolene)(Bipyridine)Ruthenium Redox Series

By A.B.P.Lever,* Pamela R. Auburn, Elaine S. Dodsworth, Masa-aki Haga1.,

Wei Liu±b, Milan Melnik' and W. Andrew Nevin"

Abstract

Complexes of the general formula [Ru(bpy)(dioxolene)=]V have been

prepared where (bpy) is 2,2'-bipyridine, and n =-1, 0, +1-. The

dioxolene ligand is 1,2-dihydroxybenzene (catechol), 3,5-di-t-butyl- or

3,4,5,6-tetrachloro-1,2-dihydroxybenzene whicn may formally exist in the

a, catecholate, semiquinone or quinone oxidation state. Reclox series of up

to five members have been prepared by controlled potential electrolysis

of the parent species or, in some cases, by chemical oxidation or

a, reduction. Electrochemistry, magnetism, X-ray structural data and

ultraviolet, visible and near infrared electronic, resonance Raman,

vibrational (FTIR), nuclear magnetic resonance, electron spin resonance

and photoelectron spectra, for various members of the redox series, are

discussed in terms of the electronic structures teffective oxidation

states, delocalization) of the complexes. Apparent conflicts between

results obtained using different techniques are resolved usinq a simple,

qualitative iO model.
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Introduction

The concept of oxidation state is central to the understanding of

inorganic chemistry. For covalently bonded substances, the oxidation

state concept is a formalism based on conventions which enables the

categorization of chemical behaviour and physical properties., These

conventions break down in coordination complexes with extensive

delocalization, such as the dithiolenes. In such cases the oxidation

state may no longer be defined as an integer, and the chemical

properties are more easily explained using a molecular orbital model.

Such delocalization was not thought to occur in dioxolene complexes,:

9 but is shown to occur to a significant extent in the ruthenium complexes

described here.

Metal complexes containing dioxolene ligands (di-oxo members of the

catechol - quinone redox series) have been the subject of many recent

publications.:-!7 The placing of two non-innocent' ligands on one

central metal ion, which itself is redox-active, provides useful insight

into metal-ligand bonding, intramolecular electron transfer and the

concept of oxidation state in coordination chemistry.

We have recently reported electrochemical and spectroscopic data

* for a reoox series based upon Ru(bpy)=(dioxolene) and Rii(py) 4 (dioxolene)

'* where the dioxolene ligand was in the catechol, semiquinone or quinone

oxidation state.4 Electrochemical and spectroscopic data were presented

to show that the ruThenium coulo tbe renarded as ku( iI ) throughout this

series, but that some deiocaIi :at1on occurreu in tne t Vo oxidized

species. - We describe herl? Hut bpyl (dioxolene)= species where dioxolene

* is derived from 1,2-dihydroxybenzene (catechoi, CatH=), 3,5-di-t-butyl-

(DTBCatH-), or 3,4,5,6-tetrachloro-1,2-diihydroxybenzene (TClCatH_).

.%The characterization of the ox I.dat1l01 states of thr? variuus

% % 6%.
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componenT:. diuxolene ligands and metal) of th('se molecules presents

difficulties; the electronic structures are not obvious from the

molecular formulae. The two dioxolene ligands have a total of six

accessible oxidation states, three for each liqand. and the ruthenium

could be in the (II), (III) or (IV) oxidation state. givirg nine

possible combinations. Upon initial examination the various

experimental techniques lead to conflicting conclusions, but it is shown

that, by using a simple, qualitative MO model, the data can be

rationalized in terms of fairly well defined but delocalized electronic

structures.

Problems in assigning oxidation states have been encountered in Ru

and Os ammines containing ligands with very low energy n, orbitals which

mix strongly with one of the metal d orbitals. 'z: Some Os complexes,

which formally contain metal(II), show charge transfer bands in their

electronic spectra which benave like ligano to metal charge transfer

(L--->Os(III)), and the [Ru(II)(NH7)(N-methyipyrazinium)]Y " complex has

a Ru(3d., ,) photoelectron binding energy in the Ru(III) range.7 The

dioxolene data reported here provide additional insight into the

electronic structures of such species.

Within a given redox series, the startinq material as isolated from

the initial synthesis is electrically neutral and is desiqnated S. The

symbols RI and R2 refer to the first and -,econd reducticn products, and

01 and 02 to the iirst anr sccn1 oDxidat, -n Protjurts. r-spectively.

For clarlty. the ao~tr>?vt3tin Uj iox ) L-ii U used for a qeneral

liqand without dLTirnition ut its oxidaticn s;tatr-. The labels (DTBCat),

(DTBSq) and (DTBO) etc. are used to indicate catecholate(-2),

semiquinone(radical -1) and quinonevJ) oxidation states where both

substituenr and oxidaticn state a:r- deti-d, ihe labels -at, Sq and q
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.N are used for a species of defined oxidation state with indeterminate

substituent. A label such as DTBDiox defines the suostituent but not the

oxidation state of the ligand.

Experimental

Methnds: Electronic spectra were recorded with a Hitachi-Perkin Elmer

microprocessor model 340 spectrometer or a Guided Wave Inc. model 100-20

Optical Wavequide Spectrum Analyser with a WPIO0 fiber optic probe.

Electrochemical data were collected with a Pine model RDE3 double

potentiostat or with a Princeton Applied Research.(PARC) model 173

potentiostat or a PARC model 174A Polarographic Analyser coupled to a

PARC model 175 Universal Programmer. Cyclic and differential pulse

voltammetry were carried out using platinum wire working and counter

electrodes, and a silver wire quasi-reference electrode. Potentials were

referenced internally to the ferricenium/ ferrocene couple (Fc-/Fc, 0.31

V vs SCE). =7  Spectroelectrochemical measurements utilized an optically

transparent thin layer electrode (OTTLE) cell with a gold minigrid

working electrode (500 lines/inch),7 or a bulk electrolysis cell

consisting of a platinum plate working electrode, and a platinum flag

counter electrode and a silver wire quasi-reference electrode separated

from the working compartment by medium glass frits. The fiber optic

probe was immersed in the solution to obtain electronic spectra of the

products.

Electron spin rpsonnce spcectra were, ut_,ajei using a Varian E4

spectrometer calibrated with diphonyliurvlvdrazid.n. Where ESR spectra

of electrochemically generated species were required, these were

prepared under nitrogen inside a Vacuum Atmospheres Drilab and

transferr-ed to ESR tubes. Control electronic -pectra were also recorded.
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NMR data were obtained using a Bruker A r! - FT NIR spectrometer.

Magnetic data were obtained through the courtesy of Prot. L.K. Thompson

(Memorial University, Newfoundland) using a Faraday balance.

Photoelectron spectra (PES) were recorded at the Surface Science Centre

in tne University of Western Ontario, London, Ontario. Fourier transform

infrared (FTIR) data wiere obtained using a Nicolet SX20 spectrometer, as

KBr disks or as Nujol or hexachlorobutadiene mulls. Resonance Raman (rR)

data were obtained through the courtesy of Prof. D.J. Stufkens,

University of Amsterdam, using apparatus and conditions as described

previously.-: Microanalyses were carried out by Canadian Microanalytical

- Service Ltd., New Westminster, HC.

Materials: TetraOutylammoniur. perchlorate (TBAP, Kodak) was

recrystallized from absolute ethanol and dried in a vacuum oven at 50C

for 2 days. 1,2-Dicnlorobenzene (DCB, Aldrich Gold Label) and

1,2-dichloroethane (DCE, Aldrich Gold Label) were used as supplied.

Dichloromethane ano dietyl ether (Aldrich, Reagent Grade) were dried

over molecular sieves and distilled under nitrogen prior to use.

Ru(bpy)Clz was prepared according to the literature."-' Cobaltocene

(CpCo, Strem Chemical Company) was used as supplied.

3,5-Di-t-butylcatechol (Aldrich) was purified by recrystallization from

benzene. Catechol was purchased from Tokyo Kasei or Aldrich, and was

recrystallized twi e from ethanol. 3,4,5,6-Te trach[crocatechol was

prepared by reduction of 0-ci-loranil as Ioll-ws, Fo a stirred solution

of o-chloranil (2.0 nO, . I )anoI ) if r,1Cil acetic acid (20 mL) was

added dropwIse a soIut on OT $-'rlHL) It4 q; 62 mmol ) in 12 M HCI (1 O

mL). The orance colour of the solution first darkened and then faded as

the product precipitated. After complete addition, the resulting mixture

was stirred at ambi,1nt temper,)turr? tor ',) min. Th crude p-oduct was

". . . .I . . ,



filtered, was h ed wi tn 12 HI I( and t eIn dried iIn v 1cuo_.

Recrystallization from EtUH/H.0 Qave the monch\'drate (887. yield). li1p

182--le4'-, Lit-"- 194-19~tZ.

Pre piration :,T Complex~es: All manipulations were carried out under

nitrogen or argon, with standard Schienk techniques, except where

stated.

Ru(bo'y)(DTBD-ox)- (1,SL): To degassed methanol (30 mL) were added

Ru(bpy)CI7 (0.29 q, 0.80 mmol) and DTBCatH- (0.34 q, 1.5 mmol). The

resultant slurry was ref luxed for 20 min. A~ddition of a solution of NaOH

(0.12 g, 3.04 mmol) in methanol (10 mL) then gave a deep blue solution

* which was ref luxed for 24 h. After cooling to room temperature the

mixture was exposed to air, and water (5 mL) was added. Upon cooling

(--C 24 h) the product precipitated as a dark blue powder, which was

recrystallized from methanol/water (87%. yield). Samples for ESR were

purified turther by gel filtration on Sephadex LH20 using

1,2-dichloroethane as solvent.. '-H NMR data: (in CD, with 207. CDCl~q

scale ppm downfield from TMS) 7.64-6.40m; 1.68s; 1.67s; 1.34s; i.33 ;

1.31(4)s; 1.'31(0)s; 1.26s. Anal. Calcd for C7=H 4,.N=ORu: C,65.4; H,6.9;

N,4.0. Found: C,65.2; H,6.9; N,4.0.

* Ru(bpy)(Diox) (2,S): This compound was prepared using catechol in a

procedure analogous to that described above for (1.,5-). After exposure

of the reaction mixture to air, it was filtered immediately and allow'ed

to stand at am i en t temppr~I :ure fcr _/2 :). Dcaep blIue crystrals of the

product Lwerrn ;.solated b y I lI .r- - L r)n and '.'a 3r ie d w it h methanol (45".

- ~ yield) . iample'& for L~iR w ?ra' puri t ied by qrel i 1tration as above. 1H NMR

data: ( in CDCl17, scale ppm down field from VMS) 8_.31d (J = 8.03 Hz) 2H;

7.9ltd (J3 7.40, 1.66 Hz), 7 .43S - 7.1m.4;.2d(J=81, .5

H,, j, 2f 1 7. t :dd (J a .2H, L . Hz '.- * H. 6. ?,1 td ( J 7.1 ', 1 .. 58 H- '2H;

L% 7 %A
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6.84td (J = 8.-4, 1.58 Hz), -H. anal. Calco for C H-, N-O 4 Ru: C,55.8; H.

3.4; N. 5.9. Found: C.54.5; H.'.4; N.5.7. rhis compound was analysed

several times and a better C analysis could not be cotained; it may be

partially hydrated.

Ru( y)(sTIDiOX)_ (35): This compound was prepared - using

tetrachiorocatechol in a procedure analoqous to tnat described above for

(__S). After exposure to air the reaction mixture was left at ambient

temperature for 48 h. Filtration of this mixture qave a crude material

which contained primarily a dark oreen by-proouct. The desired product

was extracted from this solid with several portions of boiling

dichloromethane. The combined extracts were concentrated in vacuo and

methanol was then added to initiate crystallization. This mixture was

stored at -5-C for 72 h. Dark blue crystals of pure Hu(bpy)(TCIDiox)z

(5% yield) were filtered off and washed with cold methanol. Anal. Calcd

for C-=HBCl.N=O.,Hu: C,-5.3; H,1.1; N,3.7. Found: C,;4.8; H,1.1; N,3.4.

Ru(bpy)(DrBDiox) Jl): To a stirred solution of Hu(bpy)(DTBDiox)_

(69.9 mg, 0.098 mmol) in dichloromethane (3 mL) at 0C, was added a

solution ot AgCI04 (20 mg, 0.098 mmol) in acetonitrtie (0.5 mL). Silver

metal began to precipitate immediately and the mixture became deep

purple. After 15 min the mixture was filtered throuqh a short plug of

celite (7 mm x 50 mm) to remove the metallic silver. The volume of the

filtrate was reduced to 2 mL and a mixture of diethyL ether and hexanes

was added to initidite cryVtil!i ation. The mii:ture was left at -5 C for

24 h. (After filtration. purplo cry,-;tals of the product were obtained

(91% yield) . Onal I Calcd fonr 1- ~ i = ,ii (,,57.2; H,6.1; N,3.5. '

Found: C,56.8; H,6.i; N,3.7. The hexafluorophosphate salt was prepared

similarly, using AqPF, in place of AqClO 4 : its spectra (IR and

electronic) were in -)qreemnt wJrth those nt the prrchlorate.

J ~ ~ .' ~J. -. ~ cp-. V"
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" cC __u-Ji( 2 1 RI) : Cobaltocene (U.2 M9, 0. 27 mmol) was

addeo to .1 solution of Ru(bpy)(Diox)V (J.ii2 q, 0.24 mmol) in

dichloromethane (30 mL) in an oxyqen-free environment (dry box). The

resulting dark green solution was stirred for 2 h and then filtered

under pressure in the dry box. The dark green microcrystalline product

(84% yielu) was washed with diethyl ether and dried in vacuo. Anal.

Calcd for C7=H=fCoN=O4 Ru: C,58.0; H,4.0; N,4.2. Found: C,54.8; H,3.9;

N,4.1. Some difficulty was experienced in obtaining a better C analysis

for this oroduct; its electronic spectrum is in agreement with the

spectroelectrochemical data.

Results

Two series of compounds were prepared; one is based on

Ru(bpy)(diox)=, necessarily with a cis configuration, and the other is a

series of cis- and trans-Ru(R-py)=(diox)=, to be described elsewhere,'=

but whose comparative electronic properties are relevant to the

discussion of the bpy series. The materials obtained from the reaction

mixture, Ru(bpy)(diox)=, the so-called starting materials, (labelled S)

possess no counter ions, and are air-stable, dark blue crystalline

compounds. Single crystal X-ray data are available for the

Ru(bpy)(Diox)= (2S') species (Figure 1),17 and for the related

trans-Ru(4-t-up'/)=(DTBiox) , i4t.1 S) compound. .- - Relevant bond

distances ar' srnriwn 1n Fj:l3 I. (19 ?xamplt rach ot an oxidized and

reduced ,:ompj < lc was isolal(td in -:re i clid ,tare.

i) Electrochemistry: Table E. contains electrochemical data for the

starting materials, generally showing five one-electron redox processes

(Fiq.2), ne,2- f-1.4-1.5 (1), +U.u-l.2 (II) 0.2--.9 (Ill), 0-(-0.8) (IV)
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and -k.9--i.5) () V vs .3EE. Ehe bulk 7soluron rct potentials -or the

starting matera.l5 lie tctrg-?en redox cojiOleS I [1 1 ka IV,. Couples

(i)-(V' -ire u S,1Ii iy rever- -,if ( u I S P :- i 1 .i r r- 2,tai i c. r) s c ing

(Ai. = 17 -a Gc Ueak o ea -eIr ra s n I. t1' e cyc lic

V 0 .t a inin1jZ1'.T ' F?CI--S -a: _ r crulic :--kJ my at slow scan

rates (20 mV L'-). ,i ox.datLon -r-cc s : i , )nv-,rianiy irreversinlle.

4. The oxidized species LHu(bpy)kDTHDiox)_3CIO, i2_0_1), in hulk solution,

gives similar voltammetry tr e same reclo' oupie potentials) to the

starting material Ln , LCE. cut nas i i TT Pr-'nt rr'st porential . he

reversioilitv OT most OT UIe cOuples is an In Iiati n tn3t structural

* changes SucII s oimerization or iioano 1C3sar-i rot za-irnq placcv on the

time scale of the experiment.

ii) Nuclear magnetic resonance spectra: The starting materials all give

sharp ano unshifted NfIR spectra, implying the -aosence of paramaonetic

species in the solutions.".-" For the (necessarily cis)

Ru(bpy)(DTDiox)= (1.9) there are three possible structural isomers

depending upon the relative positions of the t-butyl groups on the two

dioxolene ligands. These three isomers give rise to eight possible

* t-butyl resonances. In fact seven may ne odserved using a 20. CDCI=. in

CeD, solvent mi'<ture, .r,c ,ni that .iii i thre -,scmers are present in

solution . 3rn u tnat ir.r s - C:-- .Llc?ntaI ,2 Li e E?rV 77. t- oO resonances .

-iii ) Ilaqne 12 1 kL t. :-'L) 1 4i i i IY L d-Irfrol (- L scocies

" uJ(bpv i c-!; 1,.d i,9 - , ,: rect-~n Oicuie <ud a

* Curie- ri-~t; -, .-'rrnnlenrC or the r7.-jns?t ic 0;c, r t D t tv 1C,. U. 3YZ9/ T

4.78) , , ' -'.29 - po nrts) . I rin Ino) t- rnturO E ? k m oment is

:, :. LO eFf, '.': t-nr, Or-rJu- ; 'C' *' L.. .::

- . V 1



•ithough tneir solutions appear diamagnetic from the NMR data, the

solid starting materials, S, have moments of the oroer of I BM/molecule

or less at room temperature, consistent with temperature independent

paramagnetism.

iv) Electron spin resonance spectra: The starting materials, (i_,S) and

(2,S), are ESR-silent at room temperature (solid or solution) and at 77

K in frozen DCE. In the solid state at 77 K very weak signals can be

detected at g = 2; these are nelieved to be due to trace amounts of a

free radical impurity since stronger signals are observed in samples

which have not been purified by gel filtration. The RI and 01 species

yield rather broad signals very close to g = 2 in solution at room

temperature, but at 77 K in the solid state, or in frozen DCB solution,

sharp, free radical-like, axial or slightly rhombic signals are observed

(Fig.3, Table 111). For the oxidized species, 01, g 1  > g. , while the

reverse is true for-the reduced species; the difference between g11 and

gi is "0.2 for Ri and -0.04 for 01..

The electrochemically generated R2 species are ESR-silent at room

temperature and at 77 K. Solutions of 02 are unstable.

0

v) Fourier transform infrared spectra: The principal FTIR absorption

-. bands are given in lable IV. None of the startinq materials show

• features typical ol either Catechol or semipquinore coordination. The

' spectra of al 1 the sp cis (including the ci1- and trans-H-py

analog Iesjq - are dominated DVb a -tronq absorption in the region 1100 -

• 1200 cm - 1 (Figure 4). The FTIR spectrum of a reduced complex (Figure 4)

is consistent with the presence of a catechoiate moiety, but that of an

oxidized species (Fic.d) does int provide clear evidence of oxidation

Mili
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state.

vi) Photoelectron spectra: Data tor the Ru(3d-_,=) arid core levels of

oxygen and nitrogen are srown in labl,2 V. The lowest Ru(3d..,=) binding

energy occurs in RI and the iig:Test in 01. rhe N(is) and O(Is) energies

follow roughly the same trend, tut t-ith smaller differences.

vii) Electronic spectra: Table VI contains electronic spectroscopic data

for the starting materials arid a selection of their oxidation and

reduction products. Clean reactions with isosbestic points were

generally observed in these redox processes. The electronic spectra of

02, 01, S, RI and R2 are shown Tor the (1) redox series in Figure 5. In

general, all members of a given oxidation label, i.e. 01, R1, etc., have

very similar shaped spectra. Many of the absorption bands show

significant dependence upon th,_? dioxolene substituent. Spectra of

* representative compleas in the solid state (in nujol mulls) are similar

to the corresponding solution spectra. The S series is remarkable in the

very intense near IR absorption, absent from all other oxidation states,

but present in the mono-semiquinone ruthenium species.4 Resonance Raman

* spectra of three compounds were obtained in order to clarify the

assignments of the spectra (see Taule VII). Fuil details of these will

appear elsewhere."

I Ti 1tu -. ' i on

In the previous dioxoiere I li-(ratuje, mj :t_7 valence compounds have

* generally been interpreted in terms of localized structures.I ± - 4-

Moreover, in Co(bpy)(DTBSa)(DrBCat) and Mn(py)=(DTBSq)= discontinuous

chanqes inl formal ov Ydat -cr -trte havi been observed wit. chang(e of
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temperature., - - - 4 4 Nevertheless, ESR studies of many dioxolene

complexes have shown that oelocalization Occurs "'o a small extent,, . - -'

and in one recent case this has been supported by extended H~ckel and

fragment molecular orbital calculations. However, it has been thought

previously that extensive delocalization did not occur in dioxolene

compiexes, and that oxidation states could be unambiguously defined.'

Ruthenium dioxolenes are the first dioxolene complexes in which

significant delocalization has been demonstrated.4'-

Using the normal oxidation state conventions, with localization of
Npl

electrons, these species could exist as a number of possible electronic

isomers. The following are the most reasonable possibilities:

R2 a) CRu(II)(bpy)(cat)=]---

b) [Ru(III) (bpy-) (cat)=] --

RI a) [Ru(II)(bpy)(cat)(sq)]-

b) [Ru(III ) (bpy) (cat)J-

S a) Ru(I[)(bpy)(sq),

b) Ru( III) (bpy) (cat) (sq)

C) Ru(IV) (bpy) (cat)-

01 a) [Pu II) bPv) zqr(q) ]

b) ( I ) bpv ) q) -

C) Ok( IV) (bp/) cat.)t sq) V

02 a) [Ru( [I)(bpv) (q)-.]=

b) [ u I I I (bpv 1 sq) (Q) I

4i .i'- .- -, - - w 
'

, i ,- , ..
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C ) [Ru( I)(bpy) 32i

J We consiaer first the oxidation state information which may be derived

from the various techniques.

All the redox potentials depenc ,iqnificantly upon the subst-ituents

in the dioxolene ring. Upon replacement of DTBCat by TClCat the

potentials shift 0.36, 0.68, 0.82 and 0.58 V for couples (II) through

(V) respectively. Similar dependencies are seen in the correspondinq

trans-4-t-butylpyridine data set, "- excopt for couple (V) whose

dependence essentially disappears. (A large nependence may imply a redox

* process which is localized on tie dioxolene liqands, while a small or

zero dependence indicates a reuox process on the metal ion." In the

Ru(bpy)=(diox) and Ru(py) 4 (diox) series, the shifts in both redox

processes involving the dioxolene liqands were aoout 0.5 V when TClDiox

replaced DTBDiox. 4 Diffe-ences of aoout 0.7 V are observed for both the

free ligands reduct-uns (q/sq and sq/cat) when comparing TClDiox and

DTBDiox,O and larger differences (0.7 - 1.2 V) occur in the complexes'

Cr(III)(bpy)(sq)(cat) and-- [Cr(III)(cat)-]17= - .

I With regard to ESR spectra, we are concerned with distinguishing a

Ru(III) centre from a Ru(lI) centre bound to a free radical. Low spin

Ru(III) (t=,) - species exhibit ESR spectra which are usually highly

anisotropic with axial or rnomnic symmetry. -' For example,

[Ru(III)(NH-.) (cat)] cations -ive R :.<ic! spectra with gl = arid"an

- 2.7.- Ur, the ntner h-flf a r-.ici2 . o J ,,r4 to Pu ( I ) will exhibit a

., narrow signal close to A fx'icver theless, in certain reduced

S[Ru(bpy) species, liqand-Iocalized electrons show slightly

anisotrooic signals :ith gl q and differences of up to '0.04 between

the q valuPs.L PutheniuM pnosphinr? emiquirione complexes. " : - - also

0 '4
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with g911 C.1 , aVE? Similar anisotropy (qll = 2.00, g1. =2.02). The

[Ru(bpy)=(DTB~q)V- cation' shows, slicqht anisotropy, 1q.1> g1 , simliar to

the 01 species.

N: The IR spectra of dioxolene complexes can normally be used without

ambiguityv to deftine the oxidation state of the dinoxolene

ligan .'~~ The C-U frequency is particularly characteristic and

gives rise to relatively intense absorption t' 4 ' 4

Coordinated quinones C=O 1600-1675 cm-1

semiquinomes C-0 1400-1500

4..catechols C-0 1250, 1480 (ring breathing)

*The strong band observed near 1150 cm-L in the S series complexes has

almost no precedent in the literature. Strong bands in this region have

been reported in only one other case, a series of 4-coordinate

copper(Il) complexes of DTBSq with nitrogen-donor co-liqands.z These

complexes show one or two strong bands between 1110 and 1160 cm-'L, which

were not assigned, -and there are no strong features in the 1450 cm-'

region where typical semiquinone absorptions occur.

Using PIES, inner shell binding energies of metals in complexes may

be used (with caution) to infer the oxidation state of the metal .5
63-

* Typically, the binding energy increases by about I eV per unit increase

in oxidation state regardless of the charge on the metal.01 There are

-. exceptions, however, partit:ularly/ where t-bond-,nq ligands a r - present.

*Comparisons are best made ,j)thifl a :3eries ot cconpic>tes h-aving siriiiar

linands. The 5"d!, bifldir - cun-rq~? n ~~ ancd FPIJ) normallyli

i n the ra--nc&es 280-28:2 a nd 2-§ V -nsctel, * though a

* binuclear spt-cies formally containing hnoth RLP III) and Ru(IV) shows only

one pe a II at -282.9 ev,~' and aIn (N-methylpyrazinium)ruthenium

pcntaamminie ccomple>' Lhich iur'rdi 1,/ cont-iin,. Hu(11 hi hs a bind tnq eneLrgy
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of 2 32.2 eV, in the Ru(1lf) range.- The nitroqen Is binding energy is
.

known to be sensitive" to variation in charge on the atom to which it

is bound. However, the variation in N(Is) enerqies in this series of

complexes is too small to draw any conclusions.

Foilo. ino the discussion Or electronic spectra presented

previously,' one may observe metal to liQand charge transfer (MLCT) from

Ru(dn) to acceptor orbitals on bpy, sq or q, and/or ligand to metal

charge transfer (LMCT) from cat, sq. or bpy to Ru(III), internal

-A semiquinone, and interliqand charqe transfer tILCT) transitions, all of
%*

which might occur in the visible region. The charge transfer

• transitions will have energies depending on the oxidation state of

* ruthenium and the dioxolene ligand, and snould depend in a predictable

Z manner on the dioxolene substituents. The weaker ligand field

transitions are likely to be obscured in these systems.

Catecholate derivatives of cifficult to reduce metal ions show no

visible absorption D-her than d-d;' --.. e.q.[M(II)(cat)_]--

(M=CoNi,Cu). However, catecholate complexes OT a reducible metal

should show LMCT transitions. For example, complexes of iron(ItI),

cerium(IV) and higher oxidation states of molybdenum and manganese show

moderately intense (2000-5000 L mol - - cm - ) visible region transitions

attributable to LMC.''- -  These might also be observed, shifted

to the blue, in a s2miqui1none bound to a reducible metal ion.

The internal trans lion cserveo in the visible re.gion in free

semiquinones may - iso be otj)servc?(J as a we-ik absorption (k ca. 800 - 5000

L rel - cm- in semLquincnE- metai complexes, shirted a little from its

* free Liq.irid position; e.Li. DitP-q- 6&-0 nm (8UO), Zn(II)(DrBSq) 740 nm

(90(J), LCo trien) (DL3Sq) ] b12 nT (1200) , and II( I) (TBSq) -(bpy)

(M=Mlln.Co.f1i.) Ca. /10 nm 2 L) -4...4 A band similar in energy and
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intensity (ca. 700C nm (21-00) ) is seen'-1 in [r( IIl) (DTl3Sq)=(bpy)1-, but

in this case there is also a more intense transition near 500 nm (7400).

A similar transition (similar band envelope), withl a molar absorption

coefficient of almost 20,000 L mol'1 cm-L, is obevd in

Cr(III)(L)TBSq)-n.'-'-1 It is unlikely that Cr(III) would exhibit such a

low energy LNCT transition, particularly as there is no such band in' 4

[Cr(DTB(2at)-1j-, so this transition probably also involves only *the

semiquinone ligands.

Complexes containing both a sq and a cat residue sometimes exhibit

a broad, relatively weak (ca. 3000 L mol-' cm-1) transition in the red

*or near infrared (NIR) region which has been attributed to an

intervalence (interligand) transition."- 4

Five orbital model:

The electronic structure, spectra. magnetism and ESH of these

species can be understood by using a simple, qualitative MO model

constructed from the three 4d (t=,, in 0,) ruthenium orbitals and the

*frontier nI (')b, in C=- using the Gordon and Fenske nomenclatured.-)

a. orbitals of the dioxolene ligands. We refer to this below as the five

orbital model. From electrochemical data, it is evident that the

bipyridine LUMO nil~ is sufficiently high in energy,-" and the dioxolene

oxygen lone DI r S ('31 + L=, ini diLoxoienie plane) are suitficiently low

(and have little ovI-,~rj) . tr-il. they arFe nut considered to play a major.

role in int! LIL'ncinq t he o-:Liuation .-itatos or mnetal and liqands. i hey'

*are, however , -e I evan t. to Izhp F, I c t ron tI Iz5pec tra .

In th-e draximum) Cz symmetry of these species, the two liqand

it(3'b1.) orbitals combine to yield (a + b) and the three d orbitals

'atraristorm 3 ;(, + 2b). Une liWjndl COOLnatiUr1 will c ou P I to two d

11 0 1 1 ' 'aI II

Q0 Z
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orbitals, and the other to only one, resulting in a pronounced splitting

of these liqand combinations. rhe three d crnitals all possess some

ligand character (and vice versa) depending upon orbital overlap and the

,% -

relative d and L orbital energies. These five MNs are filled with ten

electrons in P2.

All five orbitals will become mere stable qoing from R2 to 02, but

those which are primarily metal in character will be stabilized more

upon oxidation of the complex than those which are primarily

liqand, , '-' because or the greater spatial extent of the ligand

orbitals. From the data discussed telow, oxidation ot R2 involves

* oxidation of Ru(II), at least cc some deqree; thus the ruthenium d(a,2b)

orbitals lie at comparable or slightly higher energies than the catechol

(ab) combinations in R2. ro be consistent with all the experimental

data, proceeoing from R2 to U2 tnere must then be a crossover of these

orbitals such tnat at- 02 the ruthenium d(a,2b) orbita .s li2 below the

ligand combinations (zee Figure o).

In the crossover region there will be extensive mixing of the

d(a,2b) and L(a,b) orbitals. Placing 9, 8 and 7 electrons into these

five mixed orbitals, from R1 to 01, yields, from experiment, 1, 0 and I

• unpaired electrons respectively, and leaves the uppermost level of the

five hall-full in .q and empty in S ano 01. This approach is validated

V
[@ in the trans-FuHi-./l_-(diox ::! ser-ies; wwhere two of the three d orbitals

• are unmi:.e . hLecau--e oT the ninhk-r svmmetry (DL,,). It is evident that one

of these d ornitals is uppermost in th l iu( -Cpy) 1Di Cat)=]- RI

b peciLes which ci Cxc li 'vel [ i L) , as indicated by its typical

rhombic E'3R spectrum." ::

The effective oxidation state of the metal is determinned by the

total ntimLer 0 r el c trns an ,ac h IM) '3ca I rd by the d orbital

IP
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contrbution to that IU. imilarly the average effective oxidation state

of the pair ot dioxoiene ligands is determined by tne total scaled

occupancy of all orbitals having a contribution from the dioxolene

ligands. Since the uppermost (of the five) orbital in RI contains one

unpaired electron, and this orbital is mixed Ru(d) and L, then an

electron count must lead to the conclusion that the central ion in RI is

between Ru(ll) and Ru(III), shifting to the latter as this orbital

approaches a pure Ru(d) orbital. Similar arguments can be applied to

the other members of the redox series. On passing from R1 to 02 the

upper orbitals will contain an increasing proportion of L(ab) so that

the more oxidized species will approximate more closely to

ruthenium( II).

Using the five orbital model, the structural and electronic

identification of the various members of the redox series can be

approached. Since this qualitative mooel does not indicate the ordering

within the group of metal or ligand orbitals per se, for the purpose of

assigning electronic transitions the general labels, Ru(dTu) and

- )diox(3b±), are used to designate orbitals of mainly metal and mainly

4d dioxolene (3b 1 ) origin respectively (see Table VIII and discussion

* below).

Electronic ;tructural assignment:..

* Spec es F2: Fhese hiohl.v air-sensitive comp'ouid'5 wer-e not iolated from

so lu tion ; tlhe ,y c zhlira t ri Tcc [Jy th ir ;!1 _ec tron i t: spectra and redox

pute t ala . ke rerr i :n tlh e P oD;j iUI c- il ec tron i s:truc tures described

ahbve, redu(tion of the bipyridine ligano (P2,U) can be eliminated with

three arguments, a) the potential (V) is i nsufficiently neqative, 7 ' :' b)

the pyridine srie " have thP fP1/2 c-,upl(? in thp -ame reqinn. c) there

0
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are no low lying absorption bands typical of a hpy ion.'- Thus R2

complexes are req arded as Juflt)(bI)I _2pyj ct -)1 J - .

There snoul be no low energy charge transfer between metal and

catechol. A low energy Hu(dn)--->bpy(n*) is expected, and possibly a

low energy ILCT transition from catecholatE (._.b1 )---.bpy(n,*). The

overall band envelope looks very similar to that in Ru(I[)(bpy)=(DTBCat)

(5 I), and the broad absorption at 700-900nm is similarly assigned to

both Ru(dr) --- >bpy(l*) and cat(3b,)--->bpy(nL*). The bpy complex shows

a band near 500 nm which is absent from the trans-H-py series and may

contain Ru(dR)--->bpy(n2*). Both these Ru(au) --- >bpy(n*) MLCT

transitions lie lower in energy than in (bIL) as expected on

replacement of a bpy by DTBCat.

Species Ri: The uppermost of the five orbitals discussed above will

contain one unpaired electron. Visible region electronic transitions,

other than those to bipyridine, will probably terminate on this orbital.

Since these transitions shift to the blue with increasing acceptor

character of the dioxolene ligand (Table VI), i.e. behave as LMCT

transitions,7- the inference is that the upperi-,ost orbital has

significant d character. On this evidence, R1 must have a major

contribution from [_u(III)(hpy_(_tJf-.

The Ru(Td. =,) PES core energy (Table V) appears consistent with the

presence of Pu(II). However, the PES data do not exclIude Hu(III) since

the trans-LP(1-Llpy)=(L)Lat)j- Hi species, ,-j-,ch. trom LFiS evidence,

unduubtedly cortains hu([ ), ha: a binding enerq'/ or V281.4 eV , within

th2 [Ru( Ii ) ranqe, tne cor- ?nerqy probably beir.q depressed because of

the inductive effect of the DTVCat liqands. 1he LSR spectra of 1,yl )

* and (2,1I) (Table III) r) ive q values very close to the free radical

* value f rf , but. their 4 -xl. I ;vmnrtry ..It ,Iw temperature -uqqosts a

I
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significant contribution from Ru(III). The FTFI- data are inconclusive,

showing a typical catechol V(C-0) around 1250 cm-, and a strong band at

1415 cm-1 (Table IV) which could be either the expected catechol ring

stretching mode, occurring at a similar frequency to that in the

Ru(bpy)-(cat) series, or the v(C-O) of a coordinated semiquincine. The

latter could only occur in a localized (Class 1' - ) mixed valence system,

[Ru(Il)(bpy)(sa)(cat)]-, since in a delocalized (class 1Ila) system an

average of sq and cat V(C-O) frequencies would be expected. Localized

configurations are excluded by the five orbital model.

Finally, the substituent dependence of the RI/R2 couple (V) (Table

* II) is too small to be associated with a purely sq/cat redox process,

and too large for a Ru(III)/Ru(II) couple. Thus this redox processL

probably involves both metal and ligand.

The electronic spectrum of RI is most easily interpreted on the

basis of the formula ' The strong band at around

700 nm is assigned primarily as cat(3bj)--->Ru(III)(t=,-) LMCT. A CT

band, which can only be cat--->Ru(IllI), is observed in a similar

position in [Ru(III)(NH-:)5(Cat)]V.4  The broad, lower energy band is

probably cat(3b,) --- >bpy(nI,*); this is also expected to blue shift as

* the catechol becomes a better electron acceptor. If the Ri species were

deemed to exist purely in the [Rulijbpy)(sg)(cat)- form, then an

intense Ru(dq)--->sq(b,) transEition, ana Ioqou to those in S and

* [Hu(bpy)-(sq)J , woud n2 expectd to occur in the NIR below 950 nm;

such a tran-sition is not ob'irvd.

ThuEs the data can be s.xpialnfOci in te-rms of an etlective ruthenium

• oxidation state betw een Ru([I) and Ru([il), but closer to Ru(III). In

. valence bond terminoloqy HI is predominantly UPi l L1L-(bpy)(ciat_r but

."ith a resona3nce con' r tb!j t .ri (rorn l.16_ ([1 )( h y)(- tj (_q -1:.-

. 4 N
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Species S: Since these species are diamagnetic, the separation of the

ligand a and b combinations must be qreat enough to cause spin pairing

in the lower energy combination. The uppermost level is now empty (LUMO)

and the five orbital model predicts that it has more ligand character

(Figure 6) than in RI, and therefore that the species should be-closer

to Ru(Il) in character. The X-ray structure of (2_S) 4 - shows equivalent

C-O distances (Table I) intermediate between those expected for sq and

cat ligands.L7 Moreover the small thermal ellipsoids, elongated away

from the C-0 bond axes, indicate that the X-ray structure is not

disordered. Evidently the dioxolene liqands are equivalent and

intermediate between the catecholate and semiquinone forms. The PES data

(Table V) for (jIS) and (2_S) are indicative of Ru(II), though (2.S) has

a higher binding energy, probably reflecting the less basic dioxolene

ligands.

The FTIR spectra (Table IV) are difficult to interpret. As the bond

A lengths in (2,) are midway between those of catechol and semiquinone

the C-O stretch would be expected (naively) to lie between 1250 and 1450

cm - . Species (2_,S) shows a strong band in this region, at 1414 cm - .,

'P- but the other complexes do not. The strongest bands in the spectra

* (1100-1200 cm - 1 region) are too low in frequency for a simple assignment

J. as v(C-O), since this would imply (taking a simplified view) a C-0 bond

weaker than the sinqle C-0 bond or a coor-dinated catechcl. However, the

* recent observation T tIni I r anus in copper(lII semiquinone

C) comp Le xes -  sucjq ePS t r .ti) r i ,9 .t 0re I iqand approx jinates to a

semiquinone. I lie unusual I 1i- "-pectra probably result from the low

• symmketry of these molecules ana the extensive coupling expected between

the various, vibrational modes of the ligancis, 1 4 and between the three

ig~anrs via tLh ruthenium.
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% The electronic spectra are typified by a stronq band in the NIR

(see Figure 5), with a well defined lower enerqy shoulder or peak. Both

the high intensity and narrow width of the NI band are inconsistent

with this absorption being due to intervalence (cat--->sq)

transitions. - ,4 -4 The peak is very similar to NIR aosorption in the

spectrum of [Ru(Il)(bpy)=(DTBSq)]V (5,S),4 and is similarly assigned to

Ru(dit) ---- >sq(3b1 ). Accordingly, there is a small red shift upon

replacement of DTBSq by TClSq (Table VI). In the C= symmetry,

transitions to L(a,b) from all three d orbitals are allowed, and

therefore the two components of the NIR band probably reflect the d

orbital splitting.

In the visible region there is a strong band near 600nm and a

weaker shoulder or peak near 500nm. Ru(II)-bpy complexes show a

Ru(dn)--->bpy(ni±*) transition with a molar absorption coefficient of

approximately 4000 L mol - L cm- per bpy ligand, 7 = thus the 600 nm band

is too strong to -be so assigned, whereas the weaker band has

approximately the expected intensity. In the rR spectrum of (1,S) bpy

vibrations are enhanced when irradiating into the weaker band near 500

nm (and similarly for the 450 nm band of (3,)) (Table VII). The

frequencies agree well with the rR spectrum of the [Ru(bpy).: -

cation." 4  The weaker visible region band is then identified as

Ru(dn)--- >bpy(ur.), an assignment supported by its appearance at roughly

0 the expected energy, calculated by Pxrapalatinq r rum [Rul(bpy)] =- and

[Rk(bpy)=(DFBS)J. This trarit on s3hifts to the blue when DTBCat is

replaceo by FCICat, consicswint with '.some :Labilisatiun ot the ruthenium

d orbitals.

There remains the assignment of the strong 600 nm band. The rR data

for irradiation at 570 nrm sr-oJ ';tnn L c~t onhancement of vioratiuns

0NV
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which can be assigned to Ru-O stretching modes and deformation modes of

the dioxolene liqand.*"  Thus the 600 nm band is associated with the

dioxolene rather than the bipyridine ligand. This conclusion also

follows from the presence of a similar band in the spectra of the

cis-(R-py)=Ru(diox)= S species.4 =  Two possible assignments can be

considered. The first is a second MLCT transition similar to the NIR

band (since the intensities are comparable) arising from a large

splitting of the d ("t=,") orbitals. Such a splitting ( 6000 cm - ± ) is

unlikely as there is no bonding mechanism to discriminate between the

three d orbitals to such an extent.

Alternatively, the transition may be related to the internal

semiquinone, n--->t, transition which occurs in this region in the free

ligand. '= The oxygen lone pair oroital combinations span (2a + 2b) and

may therefore mix with the ruthenium d orbitals; the relatively high

intensity of this transition and the rR data require that the n--->n*

transition have so-pe n--->Tt* Ru-O character. This assignment is

supported by the small blue shift that occurs on replacement of DTBDiox

by TCIDiox, consistent with some LMCT character. The transition is

effectively from the lone pair of one semiquinone to the u* of the

other, the latter being strongiy mixed with the metal orbitals. This

transition is never observed as a prominent feature in the spectra of

mono-semiquinone metal omplexes - Z or in the trans-(R-py)=Ru(diox)= S

species:; becajse the torbioden character (no overlap to first order) of

the n--->n* cannot be overcome in D: symmetry. In cis-bis-seniquinone

species, ti-us trarisition is strong only when there is significant

metal-seniquinone mixing, for example in Cr(II) complexes.-L.I In the

absence of such mixing (e.q. in complexes of Mn, Fe, Co and Ni''- 4-),

the transition remains fairly localizerj and hence weak.

0
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The S species are therefore best reqarded as Ru(I1)(pyj(fso- with

significant mixinq of metal and liqand orbitals, through Ru-sq T1

back-bonding, causing elongation of the C-0 bonds. rhe HI to S oxidation

involves conversion of two mainly catecholate licqands to two mainly

semiquinone liqands; the large shift in the potential of this couple

upon replacement of DTBCat by TClCat is consistent with this conclusion.

Species 01: The upper two orbitals should now be mainly ligand in

character, and contain one electron. Thus the effective oxidation state

lies between Ru(II) and Ru(lII), but mucn- closer to the former. The

formulation [Hu(I1)(bpy(jq)jj- must, in this model, have equivalent

*(delocalized) dioxolene ligands, i.e. a class III mixed valence

species. '

The PES Ru(3d ,=) binding energy lies on the boundary between

$$normal" Hu(Il) and Ru(I1I) (Table V). The FTIR data (Table IV, Figure

4) do not show clearly the presence of either quinone or semiquinone.

The magnetic data and ESR spectrum (Table III) indicate the presence of

only one unpaired electron and exclude an uncoupled [Hu(I1I)(hpy)_(sc_)_V

formulation. The ESR spectrum is consistent with a free radical, but

with a very small g anisotropy which is the opposite of that typically

*observed for axial Ru(III)-'' and also for reduced bpy in

C~~p)=:"--- but the same as in [Ru(bpy)=(DTI3Sq)J-.-I rhe

proportion of Pu(I1l) in 01 is predicted, by the rive orbital model, to

*be less than in P1, andc this- is conf irmed by the LRdata where the g

anisotropy L5 considerably 5mai ler i.n 01 tnan in HI.

The -lrec tronic spec tra ( rat, Ic V1 ) show tw ntrn,;e bands in the

* visible regqion, near 720 and '45 nrn. Bo0th ',hift to the red as the ligand

becomes more electron withdrawing, consistent with MLCT, confirming that

t h s_ LUMif is (10W mainliy I iqanrl 11n rh -irac iucr. 1-hes 2 two band,.s are

04



4/7/88 -- J A88381-i-5-Z8---25-

comparable in intensity and in energy separation with the strong NIR and

visible region bands in the S complexes, which suggests that they may

r'- have similar assignments. Ps in the S series, the higher energy band is

. present only very weakly (at 520-580 nm) in the trans-pyridine 01

series, but more strongly in the cis-pyridine series.-' This evidence

supports the formulation L~q([ _bpyJtg.L(jIL|z.

RR spectra (Table VII) in the visible region show enhancement of

mainly low energy modes, corresponding to dioxolene deformations and

-V(Ru-0).'- Data have not been obtained Tor direct excitation into the

720 nm band, but it appears (from excitation at 620 nm into the tail of

this band) that the same frequencies are enhanced in both transitions.

This precludes assignment of the transitions as localized

Ru(dn)--->q(3b±) and Ru(di[)--->sq(. b1 ), but it is consistent with

assignments similar to those given above for S (see Table VIII). An

additional transition is also expected from Ru(dn) to the partly

occupied lower ligand combination orbital. This may account for the

absorption between the two peaks in the visible region. The band at 400

nm almost certainly involves Ru(dn) --- >bpy(nt*), shifted to higher

energy from the S species due to stabilization of the Ru d orbitals.

Species 02: The trends discussed above and the five orbital model

predict that 02 will be jLlIL(IjvVy (q) -  but there are insufficient

data available to confirm this.

Summary ard Conclusitms

The eloctrunic structures oT the various ,species may be represented

* as:
4$.

C 2 [Rii(Il)(bpy)(cat)7l-

I
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RI [Ru(III)(bpy)(cat)=]- <--> LRu(II)(bpy)(cat)(sq)]-

S Ru(II)(bpy)(sq)z "--> Ru(III)(bpy)(cat)(sq)

01 [Hu(1I)(bpy)(sq)(q)j] <--> LRu(IIl)(bpy)(,sq)=J'

02 [Ru([I)(bpy)(q)=3]=

with the first cited species being dominant, and with extensive overlap

between the ruthenium d orbitals and dioxolene frontier orbitals, i.e.

extensively delocalized. There has been no substantial evidence

previously for delocalization to this extent in dioxolene complexes;7

these data therefore represent the first such detailed evidence for this

behaviour.

The various techniques undertaken here all provide a measure of the

effective oxidation state but there are frequently ambiguities in

interpretation. PES in particular was not as useful as we had hoped

since it measures the net charge folt by inner electrons, which in these

complexes strongly reflects the basicity of the ligands. For localized

systems FTIR usually provides a useful guide to the oxidation state of

the dioxolene ligand. In delocalized mixed-valence systems it is

potentially useful but requires full analysis of the spectra. ESR and

electronic spectra, especially when supported by resonance Raman

spectroscopy, provide the most accurate representations. A more detailed

MO analysis of the various members of these redox 3(ries is in hand and

should qive further claritication.
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Table i : A
2 

SeIeCtlCn) OT Important Bond Distances ano Angl~es for

* ~Ru( bpy) (Diox)- 2j)

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --A- - - - -

'A- Bond distances (A) Bond anqits()

Ru-O(1) 2.003(4) 0(l)-Ru-O(2) 831.8(1)

*Ru-0(2") 1.977(3-) O(2)-Ru-0(3) 94.9(1)

Ru-0(3) 1.995(3) 0(1)-Ru-O(3) 683.0(1)

Ru-0(4) 1.931(3) O(1)-Ru-O(4) 91.9(1)

*Ru-N(1) 2.042(3) O(2)-Ru-O(4) 17,5.1(1)

Ru-N(2) 2.055(4) O(3)-Ru-O(4) 82.0(1)

*0(1)-CdI) 1.-1716(5) O(1)-Ru-N(2) 173.2(1)

-. 0(2)-C(2) 1.326(6) O(3)-Ru-N(1) 172.0(2)

0(3)-C(7) 1.-722(.q) N(1)-Ru-N(2) 78.2(2)

0(4)-C(8) 1.1321(5)

C(1) -C (2) 1.1124(6)

C(7)-C(B) 1.41,3(b).

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

a) R 0.042, R_. 0.053 for 2853 reflections. See Fiqure I for

numbering scheme.

*See Refs. 5 and 20 for X-ray data tor Ru(4-t-'dupy)=(DIBDiox)=.

..



fable 1I: Electrochemical Data for Ru(-py)(biox)= in

1,2-Dichloroethane, E,.= versus SCE-.

diox I II III IV V

DTBDiox +1.55ir +0.89 +0.20 -0.82 -1.53qr

Diox +1.40ir +1.Olqr +0.37 -0.53 -1.35

TCIDiox +1.54ir +1.25ir +0.88 -0.00 -0.95

a) Data recorded against the ferricenium/ferrocene couple as internal

calibrant and corrected to SCE by assuminq the Fc-/Fc couple lies at

+0.31 vs SCE. = 7 ir = irreversible; qr = quasi-reversible. The bulk

solution is the starting material species (1-5 x 10 - 1 M) with 0.1-0.2 M

TBAP as supporting electrolyte. The couples are reversible unless

otherwise stated. E±,= vilues ontaineu by cyclic and differential pulse

voltammetry are essentially ilentical.

V.



Table III: Electron Spin Resonance Data

'4 Complex g factors peak to peak Conditions

1 RI [Ru(bpy)(DTBDiox)=]- 2.076 92 DCE/RT

1.937(i1) 35 DCB/77 K

2.100(±)

2,R1 Cp Co[Ru(bpy)(Diox)=j 1.934( 200 solid/77 K

2. 109 (J-)

1,01 [Ru(bpy)(DTBDiox)=] - 1.964 210 DCE/RT

1.985 48 CH=Cl=/77 K

1.01 LRu(bpy)(DTBDiox)=]CIO4  i.984(2 ) 42 solid/77 K
I,

2.023( I)

a) Electrochemically generated via bulk electrolysis.

b) Rhombic distortion.

J.?

4-.

4.'

4:.

0 ," " - , " " -. X ' . , . . .. , . .



Table IV: F-ourier I ranSTorro In-,rarea Spectra - Princ i-al AThsorption Bands

Complex Conditions Principal Sands-

(cmi)

2j1 Cp=Co[Ru (bp/) (Diox)=3 KBr 735, 7bd. 125Z, 1385. 1415,

1464, 1559

1.S Ru(bpy)(DTBDiox)m KBr 505, 773, 1024, 1099, 1142,

1360. 1375, 1464, 15183, 1583

2, Ru~bpy)(Diox)= K~r 527, 728, 743, 772, 1099,

* 112, 108.13;15, 1415, 1448,

1532

3, Ru(bpy)(TCIliox). KUr 767, 798, 979, 1188, 1322,

13-84, 17)9b, 1421

1,_Qi (Ru(bpy)(DTBDiox)=iTMO..II Nujol 728, 173, V87, 1027, 1091,-

1238,1-3, 1361,- 1448,-

146- 1582

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - --.

a) Only the more prominent peaks are recoraed here. Where one or more

* peaks clearly dominate the spectrum, they are undjerlined.

b) Hexafluorophospnate salt.

c) Hexaichlorobutadiele mull.

*Perchlorate absorptiun. wnere prP--,ent, isnut1 repnrteo.

11 I
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Table V: Photoelectron Emission Data

Complex Bindinq Enorqy- - (eV)

Ru(3d-,=) 0(is) N(is).,i- ------ --------- --------- ---------- ---
2LRCpCoRu(bpy) (Diox):] 280.4 - 399.6

S_,S Ru(bpy)(DTBDiox)= 280.8 530.7(0.45) 399.7(0.71)

532.0(0.33) 400.6(0.29)

533.0(0.21)

2,S Ru(bpy)(Diox)Y 281.3 531.8(0.52) 399.9

* 532.4(0.31)

533.8(0. 19)

1.01 [Ru(bpy)(DT8Diox)=]CI U'- 282.0 -= 400.5

, [Ru(opy)=(Drl3Sq)]PFt 280.8- 531.4 399.6(0.44)

400.9(0.56)

a) Maximum error is ±0.3 eV.

b) Relative intensities in parentheses.

C) Contamination with silicon grease.

• d) Perchlorate ion Cl(2p) observed at 207.5(0.64) and 209.1(0.36).

e) Additional signal observed at 281.8 eV believed to be due to

differential crarqinq problems. This complex< reported in ref. 4.

a-i-K



Fable VI: Electronic Spectroscopic Uata tor HU(bpy)(diox)= Redox Series

in 1,2-Dichlorobenzene; )\ .. ,(nm) (E(L mol' cm -  ))-

* Species CLoor DfHDiox (1) Diox (2) fCiDiox (3)

R2 red-brown 865(2950)

740(3150) 750br (3500)

570sh 505sh

490 (8150) 470(8700)

330sh

RI green 850(600) ca 80sh60sh

695(9200) 68U 620(ca /000)

430(5150) 400sh 400(ca 5000)

S deep blue i175(6050). 1235(4400) 1315(4290)

9b5(12100) 955(144U0) 1005(161O0)

A 605(11lb(O) 590(I1L00) 58b(I1O40)

505(310o) sh 475(-6u) 45ush

* 375(b/00) 340 420 (414u)

01 violet /2U( I 1U )) /2U 8u(ca 9/1u)

* 5L(6b J1 _160(ca ,/100)

390 ( S luy ';903h .585sh

* 02 brown-yellow 9bo(//U) (b)

570(3150)

390 ( JI2

,0



Table VI tootnotes

a) Solutions ot oxidised and reduced species prepared by controlled

potential electrolysis and, in the cases ot 1,Q1, 1.RI and 2,.R1, also by

chemical oxidation or reduation.

b) Solution unstable.

sh shoulder.



Table VII: Resonance Haman Spectra

Species Excitation Enhanceu triOuqulnc ±i s

!wavelenqt t-m-

(nm)

488 1600, 1550, 1480, 1165, 990, b90, 575, 450

570 1550, 1475, 1320, 1165, 690, 59Ovs, 575vs, 535,

505, 490, 450vs, 395, 220. 195. 15b

3__ 457.Y 16uO, 15bO, 148b, 56b

58o 1520, 148b, 1375, 1125, 81(J, 615, _6_'vs, 540,

490, 370, ,60. 340, 320, 230, 140

II,0 488 or 514 L49, 140;1, 1562, 935. 915, 91., 5_ivs. _24

62 41 ..35, 915, 591, t$, 4 v's, "59"

Spectra were run in 1,2-dichloroethane. Strong Lands are underlined and

the most strongly enhanced are marked vs.



Table VIII: SUMMary Of Electronic SpE-ctroscopic Assiqnments

- - - - - - - - - - - - - - - - - - - - - - - - - - --,- - - - - - - - -

Oxidation Species- Wavelength Ossignment

State Region (nm)

--------------------------------------------------------------------------------------- -

R2 [Ru(II)(bpy)(cat)2= 700 - 900 cat(3bti)-'bpy(nti*)

500 Ru(d1) --- >bpy(n=*)

R1 LRu(III)(bpy)(cat)=]1 600 -900 cat(3bt) --- >bpy(n-I')

700 cat(3bL) --- >Ru(dit)(t=,5)

S Ru(II)(bpy)(sq)= 900- 1200 Ru(dt) --- >sq(3,bi)

600 sq(n) --- >sq(3bL)

4500 Ru(dn) --->bpy(TuL*)

01 (Ru(II)(bpy)(sq)(q)]- 720 -800D Ru(dn) --- >diox(35bfl.

570 diox(n)--->diox(3)b1 )

a) The dominant oxidation state is cited for R1, S and 01 for ease of

assigning the spectra.



V 5iqurp Legends

Figure 1

A Molecular structure of Ru(bpy)(Diox)= (7~.

Figure 2

Cyclic voltammogram 0f 5.6 x 10-4 M [Ru(bpy)(D18Diox)=]CLJ4, (1,01) in

DCE solution with 0.1 MI TBAP. Scan speed =200 mV s--.

Figure 3

* ESH spectra ot (left) [Hu(bpy)(tTBDiox)=J, ...- , 1.4 Y. 10-1 Mi in DCB

* at 77 K, and (right) [Ru(bpy,,'DTBDiox)=3P, (L.01), in the solid state

at 77 K. The arrows denote the positions of the DPPH signals.

Figure 4

Nujol mull FTIR spectra of A) Ru(bpy)(Diox)= (2.S), B3) Ru(bpy)(DTBDiox)=

(L.S), C) CRu(bpy)(DTBDiox)JIPF6- (1,01), and D) Cp=Co[Ru(bpy)(Diox)=]

* Figure 5

Electronic spectra of tne redox series baseo on Hu(bpy)DWbDiox)=, in

DCB solution, prepcareo by controlled potantial '1iPC ruOlysi s. rhe

I laoei ing -3ysE tem ±i-, (?x p iaifle i ii ti-e rex -.

S. Figure? 6

* Five orbital model for- the (cis) Pu(bpy)luiox)= redox series. The

L(a-t.b) and d(a+2b) orbitals are arbitrarily ordered within each set. The

left hind riG de 01 thE' d icvrain rr-Terc; to He wn-?re :(-) t t j. loving

0L
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* 4-

across the Utagram covers the range Ri, S. 01 and 02 with E(L) > E(d)
p

for 02. The essential features of this qualitative diagram are the

% h,.. crossing of the mainly L and d orb~tals, the extensive mixing thereof,

4.
and the mainly d nature of the LUMO in Ri compared with mainly ligand in

01 and 02.
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