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:2 By A.B.P.Lever,* Pamela R. Auburn, Elaine S. Dodsworth, Masa—-aki Haga:*=,
: Wei Liu*®, Milan Melnik*< and W. Andrew Nevin:<
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ol Abstract
{
w21
. .
4& . Complexes of the general formula [Ru(bpy){(dioxolene)=]"* have been
3
. 3 prepared where (bpy) 1is 2,2 -bipyridine, and n = -1, 0, +1. The
F
( g dioxolene ligand is 1,2-dihydroxybenzene (catechol), 3,5~-di-t-butyl- or
n‘_h- - . - . . :
P 3,4,5,6-tetrachloro-1,2-dihydroxybenzene which may formally exist in the
n&: .
o catecholate, semiquinone or quinone oxidation state. Redox series of up
R my .
~ to five members have been prepared by controlled potential electrolysis
ﬁ% of the parent species or, in some Ccases, by chemical oxidation or
X0
Q% reduction. Electrochemistry, magnetism, X-ray structural data and
N
“ ultraviolet, visible and near infrared electronic, resonance Raman,
¥
"
}' vibrational (FTIR), nuclear magnetic resonance, electron spin resonance
w
1S
(N and photoelectron spectra, for various members of the redox series, are
‘.‘ discussed in  terms of the electronic structures (effective oxioatiop
;{: states, delocalization) of the complexes. Apparent centlicts between
::t results obtained using different techniques are resolved using a simple,
° qualitative MO model.
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Introduction

The concept of oxidation state 1s central to the understanding of
inorganic chemistry. For covalently bonded substances, the oxidation
state concept is a formalism based on conventions which enables ;he
categorization of chemical behaviour and physical properties. These
conventions break down in coordination complexes with extensive
delccalization, such as the dithiolenes.=* In such cases the oxidafion
state may no longer be defined as an integer, and the chemical
properties are more easily explained using a molecular orbitai model.
Such delocalization was not thought to occur in dioxolene complexes,”
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 manmy recent
publications.~—=7%
central metal ion, which itself 1s redox—active, provides use}ul insight
into metal-ligand bonding, intramolecular electron transfer and the
concept of oxidation state in coordination chemistry.

We bhave recently reported electrochemical and spectroscopic data
for a reaox series based upon Ru(tpyl)z(dioxclene) and Ru(py)a(dioxolene)
where the dioxolene ligand was in the catechol, semiquinone or qQquinone
oxlidation state.?® Electrochemical and spectroscopic data were presented
to show that the ruthenium coulag be regarded as Ru(il) throughout this
series. Dut~that scme delocaliczcation occureread in tre twWwo  oxidized
specles. > We describe hers Rutbpyl(dioxolene)s specles where dioxolene
i1s derived from l,2-dihydroxybenzene (catechol, CatHz), 3,5-di-t-butyl—~

(DTBCatH=), or 3,4,5,6-tetrachloro-1,2-dihydroxybenzens (TClCatH=).

The characteri1zation of the oxidaticn states of the wvarious

The placing of two ‘non—-1innocent’ ligands on Dne>

Lurth
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component:s (diwxolene ligands and metal) of these molecules presents
difficulties; the electronic structures are not cbvious from the
molecular feormulae. The two dioxolene 1ligands bhave a total of six
accessible oxidation states, three for each ligand. and the ruthen;um
could be i1n the (1), (II1) or (IV) oxidation state, Giving nine
possible combinations. Upon initial examination the various
experimental techniques lead to conflicting conclusions, but 1t is sﬁdwn
that, by using a simple, qualitative MO model, the data c¢an be
rationalized in terms of fairly well definmed but delocalized electronic
structures.

Problems 1n 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.=?*-=® Some Os complexes,
which formally contain metal(Il), show charge transfer bands in their
electronic spectra which benave 1like ligana to metal charge transfer
(L-——>0s(IIl)), and the [Ru(II)(NH=)a(N-methyipyrazinium) ]+ complex has
a Ru(3da.=) photoelectron binding energy 1n the Ru(lll) range.=* The
dioxolene data reported here provide additicnal insight into the
electronic structures of such species.

Within a given redox series, the starting material as isoclated from
the initial synthesis is electrically neutral anmd is designated S. The
symbols Rl and RZ refer to the tirst and second r2ducticn products, and
01 and 02 to the firct anag w2cong Ixidat:on products, respectively.

For clarity. the aovbreviation 1diox) wile be  used for a general

ligand without detinition ot 1ts oxidaticn state, The labels (DTBCat),
(DTBSq) and (DTBA) etc. are used to indicate - catecholate(-2),
semiquinone(radical -1) and Qquinone () oxidation states where both
substituent and oxidaticn state are deiined. 1he labrnls cat, 5Qq and Q

S, - . uhﬂggﬁ
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,jv are wused Tor a species of defined oxidaticn state with i1ndeterminate
w

2
=]

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

- >R

oxidation state of the ligand.

i3
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Experimental

SN

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

¥
h microprocessor model 340 spectrometer or a Guided Wave Inc. model 106420
L) .
i . Optical Wavequide Spectrum Analyser with a WP100 fiber optic probe.
.:j Electrochemical data were collected with a Pine model RDE3 double
«
:E: potentiostat or with a Princeton Applied Research.(PARC) model 173
t;‘ potentiostat or a PARC model 174A Polarographic Analyser coupled to a
X
hé PARC model 175 Universal Programmer. Cyclic and differential pulse
sg voltammetry were carried out using platinum wire working and counter
[P
(" electrodes, and a silver wire quasi-reference electrode. Potentials were
-
:ﬁz referenced internally to the ferricenium/ ferrocene couple (Fc™/Fc, 0.31
15 .
‘:3 V vs SCE). 7 GSpectroelectrochemical measurements utilized an aoptically
:5 transparent thin layer electrode (QTTLE) cell with a gold minigrid
.EZ working electrode (5C0 limes/inpch), @ or a bulk electrolysis cell
Eﬁ consisting of a platinum plate working electrode, and a platinum flag
e
;‘ counter electraode and a silver wire quasi-reference electrode separated
E;E from the working compartment by medium glass frits. The fiber optic
*; probe was immer<sed 1n the solution to cbtoln electronic spectra of the
ﬁ;
PY products.
;f Electron spin responance spectra were obhalned us1ng a Varian E4
5; spectromerter calibrated with diphenylipiloervihvdrazide. Where ESR spectra
:T of electrochemically generated sSpecies were required, these were
'} prepared under nitrogen inside a Vacuum Atmospheres Drilab and

$ .

transferred to ESR tubes. Control electronic spectra were also recorded.

® s
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NMR data were obtained wusing a 3Bruker AMICD T NMR spectrometer.
( Magnetic data were cbtained through the courtesy ot Prot. L.K. Thompson

(Memorial University, Newfoundland) using a Faracay balance.

S

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

R

-

. in thne Universaity c7 Western Ontario, London, Ontario. Fourier transform

i: infrared (FTIR) data were obtained using a Nicolet SXZ0O spectrometer, as
ii KBr disks or as Nu)ol or hexachlorobutadiene mulls. Resonance Raman (rR)
: data were obtained through the courtesy of Prof. D.J. Stufkens,
.:: University of Amsterdam, using apparatus and congiticns as described
,é previcusly.=® Microanalyses were carried out by Canadian Microanalytical
‘% Service Ltd., New Westminster, BC.

i; Materials: Tetrabutylammonlum perchlorate (TBAP, Kodak) was
’2 recrystallized from absolute ethanol and dried in a vacuum oven at 50<C
e for 2 days. 1,2-Dicnlorobenzene (bC8, Aldrich Gold Label) and
-, 1,2-dichloroetharne (CCE, Aldrich Gold Label) were used as supplied.i
\S Dichloromethamne and diethyl ether (Aldrich, Reagent Gradei were dried
'

;. over molecular sieves and dlstil}ed under nitrogen prior to use.
': Ru(bpy)Cl= was prepared according to the literature.=*" Cobal tocene
; (Cp=Co, Strem Chemical Company) was used as supplied.
; 3,5-Di-t-butylcatechol (Aldrich) was purified by recrystallization from
:i benzene. Catechol was purchased from Tokyo Kasel or Rldrich, and was
.5 recrystalliced twice frem ethanol. 3,4,56-Tetrachlcrocatechol was
. prepareaed by reduction of c-chloranil as tollzws. lo a stirred colution
E of o—chlorsnxl (2.0 g, HB.L5 anol) 10 gracral acetic acid (20 mb) wasg
Lﬁ added drcpwlse a solut.on ot Srll=--UHod (14 g 62 mmal) wn 12 M HCI {30
N

: mL ) . The orange colour of the soclution tirst darkened and then faded as

the product precipiteted. After complete addition, the resulting mixture

was sgstirred at ambient  temperature for 20 min. The crude product was
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filtered, washed witn 12 ™M HC1 and then dried in vacuo.
Recrystallization from EtUH/HZz0 aqave the monchvdrate (887 yield). Mp
182-184=C, Lit?* 194-195=C.

Preparation ot Complexes: All manipulations were carried out under

nitrogen or argaon, with standard Schlenk techniques, except where
statedg.

Ru(bpy)(DTBDiox )~ (1,5): To degassed methanol (30 mL) were added

Ru(bpy)Cl= (0.29 g, 0.80 wmmol) and DTBCatH- (0.34 g, 1.5 mmol). The
resultant slurry was refluxed for 20 min. Addition of a solution of NaOH
(0.12 g, 3.04 mmol) in methanol (10 mL) then gave a deep blue solution
which was refluxed for 24 h. After cooling to room temperature the
mixture was exposed to air, and water (3 mL) was added. Upon cooling
(-5=C, 24 h) the product precipitated as a dark blue powder, which was
recrystallized fro% methanol/water (874 wvyield). Samples for ESR were
purified turther by gel filtration on Sephadex LH20 using
1,2-dichloroethane as solvent.. 1H NMR data: (in CLDs witH 207 CDCl=,
scale ppm downfield from TMS) 7.64—@.40m; 1.68s; 1.67s; 1;345; 1.3353
1.31(4)s;  1.21(0)s; 1.26s. Anal. Calcd for CzeHasN=0OsRu: C,65.4; H,56.9:

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

Ru(bpy)(Diox)z (2,S): This compound was prepared using catechol in a
procedure analogous to that described above for (1,5). After exposure
of the reaction mirxture to air, 1t was filteraed 1mmediately ard allowed
to stand at ambient temperature for 72 . Deep bDlue crvestals of the
product weré 130lated by frluration anag wasned wlith methanol (457
vield). Yamples for LSRR were puritied by gel i1itration as above. *H NMR
data: (irn CDZl=, scale ppm downfield from itMS) 8.31d (J = B.03 Hz), 2H;
7.91td (J = 7.40, 1.66 Hz), 2H: 7.435 ~ 7.56m, 4d4H; 7.32dd (J = 8.16, 1.15

Hz), 2H: 7.14dd (J = B.28, L.3% Hz). wHib. Qded (J = 7.14, 1.98 Hz), TH;
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6.84td (J = 8B.24, 1.958 Hz), ZH. ~nal. LCalcd Ttor Co-H,oM=0a4Ru: C,55.8; H.
.47 M. 3.9, Found: C.54.5; H.Z.3; N,3.7. This compound was analysed
several times and a better (I amalysis could not be ocotained: 1t may be

partially hydrated.

Ru(rpy)(TCID1oM) o (3,5): This compound was prepared - using

tetrachlcrocatechol in a procedure analogous to tnat described above for
(1,5). After exposure to air the reaction mixture was lett at ambient
temperature for 48 h., Filtration of this mixture gave a crude material
which contained primarily a dark green by-proguct. 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 i1nitiate crystalllz*;ion. This mixture was
stored at —-5®C tor 72 h. Dark blue crystals of pure Ru(bpy)(TClDiox)=
(5% vyield) were fiitered oft and washed with cola methanol. Anal. Calcd
for C=zHellagNzUaRu: C,35.3; H,1.1; N,3.7. Foung: €C,34.8: H,1.13 N,3.4.

Ru(bpy)(DTBDiox)zClU, (1,01): To. a stirred solution ot Ru(bpy)(DTBDiox)=

(9.9 mg, 0.¢98 mmol) in dichlpromethane (3 mL) at 0=C, was added a
solution ot AQLI0s (20 mg, 0.098 mmol) in acetonitrile (0.9 mL). Silver
metal began to precipitate i1immediately and the mixture became deep
purple. After 15 min the mixture was filtered through a short plug of
celite (7 mm x 350 mm) to remove the metallic silver. The volume of the
filtrate was reduced to 2 mL and a mixture ot diethyl ether and hexanes
was added to initiate crystallirzation., The mivture was left at -5°C for

24 h, After firltration, purple crystals of the nroduct were obtained

(1% vyield). snal. Calcd for  CoagHaeClMaUaivi: €,5%7.23 H,6.13 N,3.9.
Faund: C,596.8; H,&6.L3 N,3.7. The hexafluorophosphate salt was prepared
similarly, using AyPF, in place of AQClQ0a: 1ts spectra (IR and

electronic) were Iin agreement with those ot the perchlorate.

A
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[Cp=CollRuibpy)(Diox)=] (2,R1): Cobaltocene (0.2 mg, 0.27 mmol) was

addeag to a sclution of Ru(bpy)(Diox) {C.LL12 g, 0.24 mmol) in
dichloromethane (30 mL) 1n an oxygen—free ernvironment (dry box). The
resulting dark green solution was stirred for 2 h and then filte;ed
under pressure in the dry box. The dark green microcrystalline _product
(847, vielu) was washed with diethyl ether and dried in vacug. Anal.
Calcd for CooHzoCoNzUOsRu: C,58.0; H,4.0; N,4.2. Found: C,54.8; H,3.9;
N,4.L. Socme difficulty was experienced in obtaining a better C analysis

for this product; its electronic spectrum 1is 1n agreement with the

spectroelectrochemical data.

Results
Two series of compounds were prepared; one 1is based on
Ru(bpy) (diox) =, necéssarily with a cis contfiguration, and the other is a
series of cis- and trans—-Ru(R-py)=z(diox)z, to be described elsewhere,®=<
but whose comparative electronic properties are relevaﬁt to the
discussion of the bpy series. The materials obtained from the reaction

mixture, Ru(bpy)(diox)=, the so-called starting materials, (labelled §8)

possess nNO counter 11o0ns, and are ai1r—-stable, dark blue crystalline

compounds. Single crystal X—-ray dats are availlable for the
Ru(bpy){(Diox) = (2,9) species (Figure 1),*7 and for the related
trans-Ru(4-t-8upy)-(DTBL1ox) 5, (At .9 compoung, =< Relevant bond

distances aro shown 1N Faple I. (ine 2xample each of an oxidized and

reducen comploer was 1solated wn re colid stacte.

1) Electrochemistry: Table [! contains electrcchemical data for the
starting materials, generally showing tive one-electron redox processes

(F1g.2), neer +1.4-1.5 (), +0.9-1.2 (I!l), +0.2-0,9 (II1), ©=-(-0.8) (IV)
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N . . - e e . N
4Q¢ and -J.9=1-1.9%) (V) ¥V vs SCE. The bulbk so0luticn res¢t potentials tor the
[’ .
g starting materi1als lle between r2dox CoubDleEsS I N ] ang LIV . Couples
e
n" (LD)y—(Vv, Are®  uSudaily reversinle (hut see Tadte Ll 13y dgetalls) shcwing
3
W
) } 1e/1a4a = L, be Qv and DR ak TO  iZEak SRrarations P! thne  ocvclilc
.

o

\ letammoqram L ToOr ravEral Tl B C YIS0 A2DCNACT g SU MY at slow scan
K )
>, iy . .
SN ' rates (20 mV s—%t)., ‘he oxidation Rroocess i 1 INvariably rreversible.
|:J
Yo ) .
*j The oxidized species {Ru(bpy){DTBDi1ox)=3C10a 12,001), 1n pbulk solution,
K L
4~
( gives similar voltammetrv (the same regoy: Touple pot2ntials) to the
L~
F:ﬁ starting matertial N Lk, cultl nNas a4 A1TTerent reast potential., The
_H?
,{1 reversinility or mecst of the couples 1s an 1narcation tnat  structural
Y, &
I »

o changes SuCil as grmerlzation or 1:1Q3Nnd [CcsSs are Nnotl tarkling piace on the
5
"y time scale of the experiment.
1T
.
{ 1ii) Nuclear magnetaic resopnance spectra: The starting materials all give
o sharp ana unshitted MMR spectra, 1mplying the absence oT paramaanetac
:{'\l .

.
<o species 1n the soluticng,dd~2e For the (necessarilly cis)

.1
.

O

Ru(bpy)(DTED1O%) = (1,9) there are three possible structural isomers

'
~
?; depending upon the relative positions of the t-butyl groups on the two
"
"
,h dioxolene ligands. These three isomers give rise to eight possible
I
pt]
Py t-butyl resonances. In fact seven may be observed using a 20% CDCl= in
P!
ot CoDe solvent mixture, SMOwWIng that a1l hthree lsomers are present in
»®
L]
" -' . -
:}b soilution. and tnat therz os on o sncsdental c2ereracv 0T two resonances.
S
.
o
- .
- ii1) Magnetic susceptibility measuroment o BRARH Jdt srecies
& {:
", [ o - . .
e {Ru(bpy it THY  oe) = jJ0 T, Lt o nas one cnpanren a2iegoron, s2letule and a
n
o _
P Curilie-viel1ss (opendence of the magnehioc usconcibrirty X =0 Q. 3Z9/(T +
if
:5 4,78), ? = L4999, T2 points). Ire room cpmperature (22% ki moment 1g
~=
._"- i R o . . “ i H [ .
. Lo, mity Gzt iy AraduAal bty T oL SRR .
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{
o
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Al though tnerr solutions appear diamagnetic from the NMR data, the

1 solid starting materials, S, have moments of the order of 1 BM/molecule
l" h
}\) or less at room temperature, consistent with Temperature independent
*3 ) _
O paramagnetism.
e
»
;i‘.‘.’ N
h%‘ 1v) Electron spin resonance spectra: The starting materials, (1,5) and
Mty ,
kf. (2,5), are ESR-silent at room temperature (solid or solution) and at 77
vy
( K 'in frozen DCE. In the solid state at 77 K very weak signals can be
s
'ﬁﬁ detected at g = 23 these are believed to be due to trace amounts of a
ot
™
" free radical impurity since stronger signals are observed in samples
)
oy
® which have not been purified by gel filtration. The RL and 0Ol species
TS
?&{ vield rather broad signales very <close to g = 2 in solution at room
g
TR temperature, but at 77 K in the solid state, or in frozen DCB solution,
i, .
PR .
’ sharp, free radical—-like, axial pr slightly rhombic signals are observed
-
o ) , A )
%* (Fig.3, Table [Il). For the oxidiced species, 01, 9y 2 9] while the
D - .
95 reverse 1s true for:the reduced species; the difference between 9 and
)
W
D) g; is ~0.2 for Rl and “0.04 for Ol.
o
ﬂﬁ The electrochemically generated R2 species are ESR-silent at room
b~
1 -“ .
;?C temperature and at 77 K. Solutions of 02 are unstable.
s
L
e
l{; v) Fourier transtorm infrared spectra: The principal FTIR absorption
B ‘ .‘_r
A _
b“; bands are given 1in latle [v. Naone of the starting materials show
1‘ “-f
® features typical o1 either catechol or semiquirone coordinati:on. The
A .
(47 spectra of all the S  species  (wncluding  the ci1s3- and  trans—-R-py
J':'J
jfﬁ analogues)** are dominatd by a strong absorption un the region 1100 -
o
)
As
® 1200 cm~* (Fiqgure 4). The FTIR spectrum of a reduced complex (Fiqure 4)
ﬁ;' v
ﬁ, is consistent with the presence ot a catecholate moiety, but that of an
vy
"
)
el oxidized species (Fi1a.d4) does not provide ciear evidence of oxidation

2
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o
I state.
i
A
;. vi) Photoelectron spectra: Data for the Ru(3da.,z) and core levels of
o
<
*U oxygen and nitrogen are sftown in fable V. The lowest Ru(3da.,z) binding
L
: energy occurs 1n R1 and the hignhest 1n Q1. The N(ls) and O(ls) energies
ot ) .
;ﬁ follow roughly the same trend, tut with smaller differences.
[} ]
vl
e
ol
( vii) Electronic spectra: Table VI contains electronic spectroscopic data
N for the starting materiais and a selection of their oxidation and
b
¢: reduction products. Clean reactions with isosbestic points were
-:‘
‘:' generally observed 1N these redox processes. The electronic spectra of
3
}b 02, 01, S, Rl and R2Z are shown 10r the (1) redox series in Figure 9. In
e
‘:- general, all members of a given oxidation label, i.e. 01, RL, etc., have
(\ very similar shaped spectra. Many of the absorption bands show
i significant dependence upon th2 dioxolene substituent. Spectra of
[\ ",..‘
o representative complexes 1n the solid state (inm nujol mulls) are similar
=
‘j to the corresponding solution spectra. The § series 1s remarkable in the
s: very intense near IR absorption, absent from all other oxidation states,
o,
o
-Q but present in the mono-semiquinone ruthenium species.?® Resonance Raman
2
;’ spectra of three compounds were obtained 1in order to clarify the
7,
f& assignments of the spectra (sse Tavle VII). Full details of these will
N
.j appear elsewhere.?7
'
]
13,9
:b Mocussion
9
’3 In the previcus dioxoiene literature, mixed valence compounds have
° generally Dbeen interpreted 1n  terms of localized structures.ii.i1s.44
S
) : .
Qs Moreover, in Co(bpy)(DTBSa)(DTBCat) and Mn(py)=(DTBSQ)= discocntinuous
+
L)
\1 changes i formal ovidation < tate  have been observed with change of
L}
®

£

ﬁ Yoty

A .0 0 WY { '0 . ()
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A,

"n

{? temperature.t ST 34 Nevertheless, ESR Sstudies of many dioxolene

b )

W

! comglexes have shown that gelocalization ozcurs to 4 small extent,®-7-29
! . .

vﬁ and 1n cne recent case this has been supported by extended Huckel and
*

W

ﬁ; fragment molecular orbital calculations.®*® However, 1t has been thought

. previously that extensive delocalization did not occur in dioxolene

N~ -~

e

?' compiexes, and that oxidation states could be unambiguously defined.”™
-,
: Ruthenium dioxolenes are the first dioxolene complexes in which
*l

; P,

significant delacalization has been demonstrated.=®-®

N.

> Using the normal oxidation state cnnventions, with localization of
oY

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

® isomers. The following are the most reasonable possibilities:
-7

o R2 a) [RU(II) (bpy)(cat)=]="
.4
{ b) [Ru(lIIl)(bpy )lcat)=3="—

_

[\

3

hx R1 a) (Ru(lI)(bpy)(cat)(sqg)]i-
Y
®) b) [RU(III)(bpy)(cat)=}-

BN

«ﬁ

o

:v S a) Ru(Il)(bpy)(sqg)=

o

® b) Ru(III)(bpy)(cat)(sq)

- c) RU(IV) (bpy) (cat)

-

Py 01 a) [Ru(LI)(bpv)(sq)(q)l~

3 b) (RUCLID) (Lpv) (3g) ]~

i | |

) =) LRutlV) (bpv)ltcat)(sq) |~

Rt
LIS

W)

.,.
@ el

02 a) (Ru(IIl)(bpv)(q)..)=~

- e

) [Ru(liT){bpv)isg)(g) =~

L, ben B 74
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‘ c) (Ru(IV)(bpy)(eq)=]="
0
%?.
fﬁﬁ We consiger first the oxidation state i1information which may be derived
n -
lig from the various techniques.

,:; All the redox potentials depenad significantly upon the substituents
}iﬁ in the dioxolene ring. Upon replacement of DTBCat by TClCat the
;;&3 potentials shift 0.36, 0.68, 0.82 and 0.58 V for couples (II) thrduqh
iﬁ (V) respectively. Similar dependencies are seen in the corresponding
1:3 trans—-4-t-butylpyridine data set,*= excoept tor couple (V) whose
Lt

p{ﬁ dependence essentially disappears. A large gependence may i1mply a redox
'; process whaich is localized on the dioxolene ligands, while a small or
AT

:gg zero dependence indicates a redox process on the metal 1on.4® In the
‘ig: Ru(bpy)=(diox) and Rul(pyla{(diox} series, the shitts 1n both redox
PR
{'T processes involving the dioxolene ligands were about 0.3 V when TClDiox
;Eé replaced DTBDiox.? Differences of about ©.7 V are observed for both the-
;§§ free ligands reduccions (q/7sq. and sqg/cat) when ccmparing fClDiox and
%)? DTBDiox,® and larger ditferences (037 - 1.2 V) occur 1in the complexes*?*
wﬂ; Cr(Ill)(bpy)(sg)(cat) and” [Cr(Ill)({cat)=]=>".

n

gi& With reqgard to ESR spectra, we are concerned with distinguishing a i
"ﬁ' Ru(Ill) centre from a Ru(lIl) centre bound tu a free radical. Low spin
hs

H:ﬁ Ru(III) (toe)?® species exhibit ESR spectra which are usually highly

>

‘ E§ anisotropic wilth axial or rhombic symmetry ., =@ For example,
’;b (Ru(III){(NH-~)Yatcat)]" C3L10Ns YyLlve axlal spoectra with ay = ~1.9 and 9)
i;; = N2.7.%® UB the atner hand a radiosl bowng to Ru(ll) will exhibit a
;§$ narrow signal close to 0 = s Noevertheless, in certain reduced

hY

';ﬁ. (Ru(bpy)=]¢=—rm)* gpecilies, ligand-loraliczed electrons show slightly
wow

.53 anisotropilic saignals with 9y N 9 and difterences of up to ~0.04 between-
'fE the g values,“t Ruthenium phosphine  semiquinone  complexes,>?-%*%  also
b

]

N

-
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with g" < 9y s have sSimilar anirsotropy (q“ = 2.00, =2.02). The

9
{Ru{bpy)=(DTBEg)1* cation* shows slight anisotropy, q“ > ql . simiiar to
the 01 species.

The IR spectra of dioxolene complexes can normally be used with;ut
ambiguity to detfine the oxidation state of the dioxolene

ligang.+=-9e.24-2e Tho (C-{J freguency 15 particularly characteristic and

gives rise to relatively intense absorption at:iie~i9.3s,.34-3%

Coordinated quinones cC=0 1600-1675 cm—*
semiqulincres C-0 1400-1500
catechols c-0 1250, 1480 (ring breathing)

The strong band observed near 1150 cm~* 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 aof DTBSg with nitrogen-donor co-ligands.®™ These
complexes show one or two strong bands between 1110 and 1160 cm—*, which.
were not assigned, —and there are no strong features in tHé 1450 cm—1t
region where typical semiquinone absorptions occur.

Using PES, inner shell binding energies of metals in complexes may
be wused (with caution) to infer the oxidation state of the metal.®%e
Typically, the binding energy increases by about 1 eV per unit increase
in oxidation state regardless of the charge on the metal.®%8® There are

exceptions, however, particularly where nw-bonding ligands are present.

Comparisons are best made within a series ot compicexes having similar
ligands. The 3da,= bL1Nd1ng en2ralec Tor Kullli: and RuClII)Y normally lie
in the ranges 280-282 and 282-20935 0 oV respectively, Teses though a

binuclear sprcies formally containing both Ruilll) ard Ru(iV) shows only
ane peak at 282.9 ev,®*2= and an (N-methylpyrazinium)ruthenium

rentaammine complery which {formatlly contains Ruill) has a binding energy

S s . S v
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= f‘.'

- ' _
?! of 2892.2 eV, in the Ru(lll) range. " The nitrcgen 1s binding energy 1S
o

o

( known to be sensitive® to varzation in charge on the atom to which 1t
N

: 1s bound. However, the variation :n NM(ls) enerqies 1n this series of
o .
“ﬁﬂ complexes 1s too small te draw any conclusions.

R

‘W %]

\ Following the discussion o7 electronic spectra presented
’ﬂJ previously,® one may observe metal to licand charge transfer (MLCT) from
v .

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

o

L T4

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

Y

;ﬁE semiquinone, and 1nterligand charqge transter (ILCT) transitions, all of
i%& which might occur in the visible reaion. The charge transfer

;. transitions will have energies depending on  the oxidation state of
T

.iﬁ ruthenium and the dioxolene ligand, ana snhould depend 1n a predictable

;E manner on the dioxolene substituents. The weaker ligand field
(-‘T transitions are likely fto be obscured 1in these systems. |
,i% Catecholate derivatives of di1fficult to reduce metal 1ons show noA
EEE visible absorption 2ther than- d-d;=83+3T 0l e.q.[M(fI)(cat):]z'
é); (M=Co,Ni,Cu). However, catecholate complexes ot a reducible metal

Eé should show LMCT transitions. For example, complexes of iron(III), .
Eé cerium(lIV) and higher oxidation states of molybdenum and manganese show ?
W "

;‘ moderately intense (2000-3000 L mol~* cm~*) visible region transitions ]

g
ANy
VAR L,

attributable to LMCT.=t.-2.c2-67 Thecse might also be observed, shifted

-

to the blue. 1n a sa2migquincnse bound to a reducible metal i1on.

-

>,

oy, ‘

® The internal trans:rticn coserved in  the visible region i1n  free

*Eﬁ semiquinones may aliso be observed as a weak absorption (¢ ca. 800 ~ 5000

N*I
‘:' L mel~d cm=*) 1n semiqQuinone metal complexes, shifted a little from its

“ free. ligand posiLtion; e.qg. Dibsg” 470 nm (BLO), Zn(II1)(DIBSq)* 740 nm

Ny . .
A& (900),*" {Co(trien)(DTBSqg)l=" 512 nn (1200)=9, and M(I1)(DTBSq) :(bpy)

‘ol

WA

‘f} (M=tn . .Co.lt1) ca. /70  m (2700 .tF-24 A band similar 10 energy and

Pt |
hd .
"“ I el
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intensity (ca. 700 nm (2500)) 1% seentt in {Cr(II1)(DTB5qQ)=(bpy)1™, but
in this case there 1s also a more 1nten§e transi1tion near 300 nm (7400).
A similar transition (similar band envelope), with a molar absorption
coefficient of almost 20,000 L mol~—* cm—*, is observed 1in
Cr(I1I)(DTBSQ)=.**-22 It is unlikely that Cr(IIl) would exhibit such a
low energy LMCT transition, particularly as there is no such band 1int®
[Cr(DTBCat)=]1-"—-, so this transition probably also involves only "the
semiquinocne ligands.

Complexes containing both a sq and a cat residue sometimes exhibit
a broad, relatively weak (ca. 3000 L mol—* cm~™%*) transiticn 1n the red

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

intervalence (interligand) transition.®®e-22

Five aorbital model:

The electronic structure, spectra. magnetism and ESR of these
species can be understood by using a simple, qualitative MO model
constructed from the three 4d (t-og ;n On) ruthenium orbitals and the
frontier = (3b, in C=. wusing the Gordon and Fenske nomenclature®®)
orbitals of the dioxolene ligands. We refer to this below as the five
orbital model. From electrochemical data, i1t 1s evident that the
bipyridine LUMO n,* 1s sufficiently high in enerqgy,”” and the dioxolene

oxygen lone Da.rs (a2 + L2, 1n dioxolene plane) are surticiently low

(and have little overlap), that they are not consi1dered to play a maJDr'

role in 1ntTiuencing the o+vidation states or metal and ligands. They
are, however, relevant to the elecironic spectra.

In the (maximum) C= symmetry of these species, the two ligand
nm(3b,y) orbitals cocmbine to vield {a + b) and the three d orbitals

transtorm as (a + Zb). Une liyand combination will couple to two d

e

BTN G e O OO AR 08 o QO i A b OUOENN
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si orbitals, and the other tc only vne. resulting 1n a pronounced splitting

o

( of these ligand cembinaticns. The three d orbitals all possess some
™

‘\ﬁ ligand character (and vice versa) depending upocn crbital overlap and the
oy N

Ay ; ) .
:ﬂ relative d and L orbital energies. These five MUs are filled with ten

¥ 1.{1

B A
') electrons 1n R2.

&?: All five orbitals will become meore statble qoing from R2 to 02, but

L
\ »

‘UL , ) ) .
ﬁp. those which are primarily metal in character will be stabilized more
o,

A . . - .
upon oxidation ot the complex than those which are primarily

[3 .\

f}x ligand,?-»*®-7® because or the qgreater spatial extent of the ligand
;f: orbitals. From the data discussed bwelow, oxidation ot RZ involves
2N

LhiCY . . _ )

.3 oxidation of Ru(ll), at least tc same deqgree: thus the ruthenium d(a,2b)
AT
r}ﬁ orbitals lie at comparable or slightly higner energies than the catechol
Ay
B
FASR
VQ? (a,b) combinations 1n RZ. o be consistent with all the experimental
o

'l

( ‘ data, proceeaging tTrom R2 to (02 tnere must then be a crossover of these

[ ".:'- ) ’

B orbitals such tnat at 0L the ruthenium d(a,Zb) orbita.s lie below the
- ] A ,

e a ligand combinations (=ee Figure o).

e

-

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 1nto these
RS
f I.

-~
\ﬁ five mixed orbitals, from R1 to Ui, yields, from experiment, 1, O and 1

o
® unpaired electrons respectively, and leaves the uppermost level of the
N
:ﬁq five halfi-full 1n R1 and empty 1n S ama 0O1. This approach 1s validated
oy
*@ in the trans-ttu{lk-pyl={(diox):: series?*= where two of the three d orbitals
heN :
) are unmilixed hecause ot the2 nigher svymmetry (D=,,). L 15 evident that one
-

?:} of these d orpbitsls 1S uppermnst 1N the  fRu(5-UClpy)=(DT3Cat)=]" R1L
wa
o
B species  which 15 exclusively  RPaclll), as 1ndicated by 1ts typical
v:z.:

i' rhombic ESR spectrum.?= 1
.’-.' k|
¢:f The offective oxidaticon state of the metal 15 determined by the
e
T
-E total Atimber ot electrons 1 wach M) scaleda by the 4 orbital |
N
Py i
L7e
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Using tre five orbital model, the structural and electronic

identification of the various members of the redox series can be

R A
NS
-~ .
N
"
o
s Y 4/7/88 --JABHO3IB10-10-5-58--—~18-
'\',p.
'\-J,'
¥~
fl
.%ﬁ contr:bution to that MO. %imilarly the average effective oxidation state
’l
( of the pair ot dioxoiene ligands 1s determined by the total scaled
K
:? occupancy ot all orbitals having a contraibution from the dioxolene
-
A .
‘bﬁ liganas. Since the wuppermost (of the five) orbital in R! contains one
-
u:) unpaired electron, and this orbital is mixed Ru(d) and L, then an
N' N
S electreon count must lead to the conclusion that the central ion in Rl is
A
Feo s . . s
{tf between Ru(ll) and Ru(lIl), shifting to the latter as this orbital
ot
( approaches a pure Ru(d) orbital. Similar arguments can be applied to
?{ the other members of the redox series. Un passing from R1 to Q2 the
o
»,
ﬁﬁ upper orbitals will contain an increasing proportion of L{a.,b) so that
¥ ’I-
® the more oxidized species will approximate more closely to
"._'2
N ruthenium(IIl).
&%
ol

~

S
"y

¢ . . . . ) .
axg approached. Since this qualitative model does not indicate the ordering
D .

Ty .
\:q within the group of metal or ligand orbitals per se, for the purpose of
D < )

assigning electronic transitions the general labels, Ruf{dmn) and

P

o diox(3b,), are used to designate orbitals of mainly metal and mainly
W
f' dioxolene (3b,) origin respectively (see Table VIII and discussion
s

o below).

*3
o
o

<

- Electronic structural assignments:

L

.‘ Species R2: These highly alr-sensitive Cconpsunds were not 1sotated trom
~a
\ -
\? solution; they are Charauteritsg by thelr electronic spectra and redox
A
,?2 potentials, Reterring oo the pDoss1Lle clectronic  structures described
' atnove, reduction of the bipyridine ligana (R2,b) can be eliminated with
e
;j three arguments, a) the potential (V) is :1pcsufficiently negative,™ b)
* ]
?ﬁ the pyridine series®< have the PL/R2 couple 1 the csame region. c) there
0,

)

A

L
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are no low lying absorption bands typical of a hpy =

complexes are regarded as [Ru(ll)(bpy)(cat),l==.

There should be no low energy charge transter between metal and

catechal. A low energy Ru(dn)-—-->bpy{n.s*) 1s expected, and possibly a

low energy ILCT transition from catecholate (ib;)-——-bpy(ns+*). The
overall band envelope looks very similar to that 1n Ru(Il)(bpy)=(DTBCat)
(9,R1),% and the broad absorption at 700-900nm 1s similarly assigned.to
both Ru(dn)——-->bpy(n.s*) and cat(3by)———>bpy(n,.*). The bpy complex shows

a band near 500 nm which 15 absent from the trans-R-py series and may

YA AP L AR

contain Ru(dn)———->bpy(nza*). Both these Ru(gun)-—-->bpy(n*) ﬁLCT
transitions lie lower 1in energy than 1in (5,R1) as expected on
replacement of a bpy by DTBCat.

Species Rl: The uppermost ot the five orbitals discussed above will

contain one unpalired electron. Visible regiaon =2lectronic transitions,

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

Since these transitions shift. to the blue with 1ncreasing acceptor

.
&
’
v
’
-

character of the dioxolene ligand _(Table viy, 1.e. behave as LMCT

transitions,” = the inference is that the uppercost orbital has

Loty

5L SN

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

contribution from [Ru(IiI)(bpy)(cat)-]—.

The Ru{3ds.=) PES core energy (Table V) appears consistent with the

L )
'l 'l

presence of Ru(ll). However, the PES data do not =wxclugde Ru(lll) since

Y%

the trans—{Hu(S-Llpy)=(bIBCat)=]1" F1l species, which, Ttrom ESiK evidence,
undoubtedly corntains Ru(ll[), hbas a binding energy ot 281.d4 eV,*< within

the Ru(li) ranyge ., the core =nerqy probably bteirng depressed because of

AAFLAALA P ILILATY

the inductive effect of the DTHCat ligaends. The ESR spectra ot (1,R1)

and (2,R1) {Table I[Il) nive g values very close to the free radical

- ,
NN )

value n2f %2, but their axial symmetry at Loow tomperature SugGests a

S a ..,

N
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significant contributicon from Ru(Ill). The FTIR data are inconclusive,
showing a typical catechol v(C-0) around 1250 cm~*, and a strong band at
1415 cm—? (Table IV) which could be either the expected catechol ring
stretching mode, occurring at a similar frequency to that 1in the
Ru(bpy)={(cat) series, or the v(C-0) of a coordinated semiguinone. The

latter could only occur in a localized (Class [77F) mixed valence system,

[Ru(Il)(bpy)(sg)(cat)]-, since in a delocalized (class 1lIla) systed an

avé?age of sq and cat v(C-0) fregquencies would be expected. Localized
configurations are excluded by the five orbital model.

Finally, the substituent dependence of the R1/R2 couple (V) (Tsﬁlel
I1) is too small to be associated with a purely sqg/cat redox process,’n
and too large for a Ru(lIII)/Ru(ll) couple. Thus this redox proceés;ﬁA

probably involves both metal anmd ligand.

The electronic spectrum of Rl is mpbst easily interpreted on ﬁhé t
basis of the formula [Ru(lIl)(bpy){cat)=]1-. The strong band at around.Lf
700 nm is assigned primarily as cat(3b,)——->Ru(fll}({t=g®) LMCT. A CT .
band, which can only be cat-—-->Ru(lll), 1is observed 1in a similar
position in [Ru(III)(NH=z)a(Cat)]l*=.?%*= The broad, lower energy band is
probably cat(3b.)-—->bpy(ms*); this is also expected to blue shift a% .ﬁ
the catechol becomes a bhetter electron acceptor. [f the RL1I species were

deemed to exist purely 1in the [Ru(ll)(bpy){sq)(cat)]- form, then an

intense Ru(dn)-—-=-><qg(Jih.) transition, analogous to those in S and
[Ru(bpy)=(sg)l™~, wou ld He expected to occur 1n the NIR below 920 nm;
such a tran;ltlon 15 not obwaerved.

Thus the data can be explaineg 1n terms of on ettective ruthenium

oxlidatiorn state between Ru(ll) and Ru(Ilil), but clcser to Ru(lIl). In

valence bond terminology K1 is predominantly [Ru(I1I1)(bpy)(cat)=]- but
with a resonance contribution from [Ma(l)(bpy)(cat)(sqrl-.
. ,.;Ag;“\‘é.‘;"i"
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Specaes _S: Since these species are diamagnetic, the separation of the
? ligand a and b combinations must be great enough to cause spin pa:iring
 €£ in the lower energy combination. The uppermost level is now empty (LUMQO)
%gg and the five orbital model predicts that it has more ligand character
fﬁf (Figure 6) than 1in Rl, and therefore that the species should bpe. closer
éﬁ; to Ru(Il) 1n character. The X-ray structure of (2,5)%% shows equivalent
E;v C-0 distances (Table [) intermediate bgtween those expected for sq and
‘ﬂ: cat ligands.'® Moreover the small thermal ellipsoids, elongated away
“%g from the C€C-0 bond axes, indicate that the X-ray structure is nat
i;: disordered. Evidently the dioxolene ligands are equivalent .and
l:r' intermediate between the catecholate and semiquinone forms. The PES data
“ia (Table V) for (1,8) and (2,8) are indicative ot Ru(l!l), though (2,S5) has
:EE a higher binding energy, probably retlecting the less basic dioxolene

v -

ligands.

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

KLy
.{\ d

lengths 1in (2,S) are midway between those of catechol and semigquinone

b .
:) the C-0 stretch would be expected (naively) to lie between 1250 and 1450
T
o)
e cm—t, Species (2,5) shows a strong band in this region, at 1414 cm—%,
o
_:q but the other complexes do not. The strongest bands in the spectra
"' (1100-1200 cm—* region) are too low in frequency for a simple assignment
T
-
ujs as v(C-0), since this would imply (taking a simpliified view) a C-0 bond
‘AN
?:: weaker than the single C-0 bond ot a coordinated catechcl. However, the
' j:-\
® recent observation oGt <imilan- Lands in copper(ll) semiqulinone
Bt
lﬁ; complexes -~  suqgests thagt art tezastl ore ligand approximates to a
i)
bY , ‘
fﬁ semiqulinone. the unusual FHIRK 2pectra probably result from the low
"~
; symmatry of these molecules ana the extensive coupling expected between
- Y
P -
Y the various vibrational modes of the ligandas,®? and between the three
A g
"%
¥
;P ligands via Uhe ruthenium,
R
. -
!i-' P P 4"
:; ' R . - K.P:\‘;.ﬁﬁ
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The electronic spectra are typified by a strong band in the NIR
(see Fiqure 5}, with a well defined lower enerqy shoulder or peak. Both
the high a1intensaty and narrow width of the NIR band are i1nconsistent
wilth this absorption being due to intervalence (cat--->sq)
transitions,ter24 The peak 1s very similar to NIR apbsorption in the
spectrum of [Ru(Ill)(bpy)=(DTB3q)l}* (95,8),® and is similarly assigned to
Ru(dun)--—->sq(3b,). Accordingly, there 1s a small red shift dbon
replacement of DTBSg by TClS%q (Table VI). In the C=x symmetry,
transitions to L(a,b) from all +three d orbitals are allowed, and
therefore the two components of the NIR baqd probably reflect the d
orbital splitting.

In the visible region there 1is a strong band near 600nm and a
weaker shoulder or peak near S00Nnm. Ru(IIl)-bpy complexes show a
Ru(dn)—-—->bpy(ni*) vtransition with a molar absorption coetficient of
approximately 4000 L mol—-* ecm~* per bpy ligand,”< thus the 600 nm band
is too strong to --be so assigned, whereas the weakeé band has
approximately the expected intensity. In the rR spectrum of (1,5) bpy
vibrations are enhanced when irradiating into the weaker band near 500
nm (and similarly for the 450 nm band of (3,5)) (Table VII). The
frequencies agree well with the rR spectrum of the [Ru(bpy)=1=~
cation.”®* The weaker visible region band 1s then identified as
Ru(dm)—-—-—->bpy(mi*), an acesignment supported by 1ts appearance at roughly
the expected energy, calculaterd by extrapolating rrom [Ru(bpy)=3=* and
[Ru(bpy]:(erSQ)J*. This transition shifts to the blue when DTBCat is
replacea by TClCat, consistent with some stabilisation ot the ruthenium
d orbitals.

There remains the assignment of the strong 400 nm band. The rR data

for irradiation at 570 nm show srantfircant 2nhancement ot vibrations
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which can be assigned to Ru-0 stretching modes and deformation modes of
the dicxolene ligand.®*” Thus the 600 nm band 1s associrated 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)=z S species.?®*= Two possible assignments can be
considered. The first i1s a second MLCT tranmsition similar to the NIR
band (since the intensities are comparable) arising from a léfge
splitting of the d ("txg") orbitals. Such a splitting (~6000 cm—%) is
unlikely as there 1s 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——->n*, transition which occurs in this region in the free

ligand.*® The oxygen lone pair orpital 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*4

transition have sure n—-—-->n*. Ru-0 character. This assignment is
supported by the small blue shift tbat occurs on replacement of DTBDiox
by TClDiox, consistent with some LMCT character. The transition is
effectively from the lone pair of one semiquinone to the n* of the
other, the latter being =strongly mixed with the metal orbitals. This
transition is never observed as a prominent tfeature in the spectra of

mono~-semiqulinone metal complaexes*-*% or In the trans—-(R-py)=-Ru(diox)z S

specles?= because the torbidden character (no overlap to first order) ofA

the n-—-->n* cannot be overcome in Dz, symmetry. In cis—-bis-semiquinone
species, this transition 1% ﬁtrong only when there 1s significant
metal-semiaquinone mixing, for example i1n Cr(lll) complexes.*+*2% In the
absence of such mixing (e.g. in complexes of Mn, Fe, Co and Ni1T.16.34)

the transition remains fairly lozZalized and hence weak.,
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Iq.
n

The S5 gspecies are theretore best reqgarded as Ru(ll)(bpy)(sg)=, with

SILEs
Pt

significant mixing of metal and ligand orbitals, through Ru-sq ®

m—

: back-bonding, causing elongation of the C-0 bonds. The R1 to S oxidation
A
’f% invalves conversion of two mainly catecholate ligands to two mainly
a“

x\_J

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

Eg;; upon replacement of DTBCat by TClCat i1s consistent with this conclusion.

e

&; Species O1: The upper two orbitals should now be mainly ligand'.in

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

E:g lies between Ru(ll) and Ru(lIl), but much closer to the former. The

3:: formulation [Ru(II)(bpyl)l(sg)(g)]lr must, in this model, have equivaient
o

lb (delocalized) dioxolene ligands, 1.e. a <class 1IIl mixed valence

‘;; species.”®

ﬁ? The PES Ru(3da.=) binging energy lies on the boundary between

"nmormal” Ru(ll) and Ru(lIl) (Table V}. The FTIR data (Table [V, Figure

ra N .
2

¥y aAx.

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

{*n‘

The magnetic data and ESR spectrum (Table [II) imdicate the presence of

L
o

i el el

O

only one unpaired electron and exclpde an uncoupled [Ru(Ill)(bpy)(sq)=1"

[

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

V.

”.
t?. with a very small g anisotropy which is the opposite of that typically
Y

>

® observed for axial Ru(IIirp)s=se and also for reduced bpy in
L/ d

Y

M {Ru(bpy)=z]¢=—2+, =2 but the same 1s in [Ru(bpy)=(DTBSgq)]~.+ The
% a4
\\ proportion of Ru(IIl) in 0! 15 predicted, by the rive orbital model, to
~' .9

' be less than 1n Ri, ang this 1s confirmed by the 5R data where the g
AN -

-;a anisotropy 1s considerably smaller 1n 0L tnan 1n KL,

%

-4‘ The wlectronic spectra (fable VI) show two intenge bands in the
.' visible region, near 720 and 345 nm. Both shift to the red as the ligand
S
) \’.u i
‘:, becomes more electron withdrawing, consistent with MLCT, confirming that
Iy d
L
fﬁ the  LUMO 15 NOow mainly ligann N characutor, These two bands are
T

[

y '
b n(‘f . L BT - 1
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comparable in i1ntensity and in energy separation with the strong NIR and
visible region bands 1in the S complexes, which suggests that they may
y have similar assignments. As in the S seraies, the higher energy band 1s
; 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 {(Ruf(ll)(bpy)(sq)(q)l*.

1 RR spectra (Table VII) in the visible region show enhancemeniiof
mainly low enmergy modes, corresponding to dioxolene defarmations and
V(Ru-0).4” Data have not been cbtained 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(du)--->sq(3bij, but 1t 18 consistent with

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

Al

additional transition is also expected from Ru(dn) to the partly.
occupied lower ligand combination orbital. This may accouat for the
absorption between the two peaks in the visible region. The band at 400
nm almost certainly involves Ru(dn)—-—-->bpy(m,*), 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 [Ru(lI)(bpy)(q)z]=*, but there are insufficient ]
" |

data available to confirm this,

Hummary and Conclusions

The electronic structures ot the varicus =peciles may be represented

(Ru(lIY(bpy)(cat)=J-"

\}:}:}h@{;\‘\1 ;
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R1 [Ru(ITI)(bpy)(cat)=]" <--> [(Ru(ll)(bpy)(cat)(sqg)l~

S Ru(II)(bpy){(sq)z <—=> Ru(lIIl)(bpy)(cat)(sqg}

01 [Ru(fl)(bpy){sq)(q)]~ <==> LRu(lll)(bpy)(saq)=]"

02 [RuCI) (bpy)(g)=1="~ -

with the first cited species being dominant, and with extensive overlap
between the ruthenium d orbitals and dioxolene frontier orbitals, f;e.
extensively delocalized. There has been no substantial evidence
previocusly for delocalization to this extent in dioxolene complexes;=
these data therefore represent the first such detailed evidence for ghis
behaviour.

The various techniques undertaken here all provide a measure of the
effective oxidation state but there are frequently ambiguities 1in
interpretation. PES in particular was not as useful as we had hoped
since it measures the net charge felt by inner electrons, which in these
complexes strongly reflects the basicity of the ligands. Far localized
systems FTIR usually provides a useful guide to the oxidation state of
the dioxolene 1ligand. In delocalized mixed—-valence systems it 1is
potentially useful but requires full amalysis 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 varicus mempbers ot these redox series is in hand and

should give further clariticaktion.
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Table I:

Ru(bpy)(Dicx) =,

selecticn

Bond distances (&)

Ru-0(1)
Ru-0(2)
Ru-0(3)
Ru-0(4)
Ru-N(1)
Ru-N(2)
0(1L)-C(1)
0(2)-C(2)
0(3)-C(7)
0(4)-C(8)
C(1)-C(2)

C(7)-C(8)

a) R =

2.003(4)
L.977(3)
1.995(3)
1.981(3)
2.042(3)
2.035(4)
1.316(5)
1.326(06)
1.322(4)
1.321(5)
1.424(6)

1.413(6)

0.042, R,

numbering scheme.

See Refs.

-----

5 and 20 for X-ray data tor Ru(4-t—-Bupy)=(DT7BDiox)=.

CL. WML A

(2,8)~

Important Bond Distances

Bond angies

O(1)-Ru-0(2)
0(2)-Ru-d(3)
0(1)-Ru-0(3)
O¢L)-Ru-0(4)
0(2)-Ru-0(4)
0(3)-Ru-0(4)
O0(1)-Ru-N(2)
O(3)-Ru-N(1)

N(1)-Ru-N(2)

for 2853 reflections.

RN

(=)

81.8(1)

F4.,9(1)

88.0(1)

91.9(1)

175.1(1)

82.0(1)

173.2(1)

172.0(2)

78.2(2)

LIRSS
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o D g e e e T b

Angles for

See fFigqure 1 for
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Table [Il: Electrochemical Data for Ru(bpy){(diox)= 1in

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

x5 sss

diox 1 II III Iv v
v T g PSP
S
: DTBD1ox +1.55ir +0.89 +0. 20 -0.82 -1.53qr
*
> Diox +1.40ir +1.01gr +0.37 -0.53 -1.35
Ly

TCliDiox +1.541ir +1.251r +0.88 -0.00 -0.95
N
Y
- a) Data recorded against the ferricenium/ferrocene couple as internal
'\:
; calibrant and corrected to SCE by assuming the Fc*/Fc couple lies at
‘O
", ~ . . . .
2, +0.31 vs GSCE.=7 1ir = 1irreversible; qQr = quasi-reversible. The bulk
¥
“"» . . - . . - . ’
<, solution is the starting material species (1-5 x 10-% M) with 6.1-0.2 M
.,'l

TBAP as supporting electroiyte. The couples are reversible unless

‘.m -

otherwise stated. Ei.= values obtained by cyclic and differential pulse

2
-

X

voltammetry are essentially 1dentical.
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Complex g factors peak to peak Conditions
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1,R1 [Ru(bpy)(DTBDiox)=]"*= 2.076 92 DEE/RT

L b L{N

1.937 () 35 DCB/77 K

LSS
2

-

ey
P

2.100( ;)

2,R1 CpzColRu(bpy)(Diox)=] 1.934(“) 200 solid/77 K

v
T s

)
RCLLOS

2..1.0‘?(_1_)b

(-

P
Y
'

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

]

1@

L 1
.

‘

a4

1.985 48 CH=2Cl=/77 K

»
.P.;’ , :'
E3

1,01 (Ru(bpy)(DTBDiox)=]C10a 1.984¢;) 42 solid/77 K
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Table lV: Fourier lranstorn [Intrared Spectra - Principal Apsorption Bands

Complex Conditions Primcipal Bands=
(cm—1)
2,R1 Cp=CoffRu(bpy)(Diox)=] KBr 735, 768, 125%, 1385, 1415,

1464, 13359
1,5 Ru(bpy)(DTBDiox)= KBr 505, 773, 1024, 1099, 1142,
1360, 1375, 1464, 1518, 1583
2,S Ru(bpy)(Diox)= KBr 527, 728, 743, 772, 1099,

1114, 1208, 1315, 1415, 1448,

3.5 Ru(bpy)(TCiDiox)= KUr 767, 798, 979, 1188, 1322,
1284, 1398, 1421
1,01 (Ru(bpy)(DTBD1ox)=i%10as Nujol 728, /773, 987, 1027, 1091,®

1238, 1339, 1361,= 1448,=

a) Only the more prominent peaks are recoraed here. Where one or more
peaks clearly dominate the spectrum, they are underlined.

b) Hexafluorophosphate salt.

c) Hexachlorobutadiene mull.

Perchliorate absorption, where present, 1S not reported.
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Table v: Photoelectren emission PData
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Ccmplex Binding Enerqgy<«-2 (eV)
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ols

Ru(3da,=) O(ls) N(ls)

»

A 2,Rl CpzCo{Ru(bpy)(Diox)=] 280.4 - 399.6

quay 1.S Ru(bpy)(DTBDiox)= 280.8  530.7(0.45) 399.7(0.71)

( ' 532.0(0.33) 400.6(0.29)
=

i{ 533.0(0.21) *

s 2,5 Ruibpy){Diox)z 281.3 531.8(0.52) 399.9

532.4(0.31)

R

AL

533.8(0.19)

s
A

1,01 [(Ru(bpy)(DTBDiox)=z2]Cl0a¢ 282.0 -< 400.95

f ." ." ..‘ .A'

2,5 [Ru(bpy)=-(DTBSg) JPF, 280.8= 551.4 399.6(0.44)

Py
W de

/'."-.* -~

400.9(0.56)
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a) Maximum error 1s 0.3 eV.
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b) Relative intensities in parentheses.

X

c) Contamination with silicon grease.
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-

d) Perchlorate 1on Cl(Z2p) aobserved at 207.5(0.64) and 209.1(0.36).
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e) Additional signal observed at 281.8 ev believed to be due to

-

differential charging problems. This compliex reported Iin ref. 4,
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ﬁ§ Table VI: Electronic Spectroscoplc Data tor Ru(bpy)(diox)= Redox Series
W
{ in 1,2-Dichlorobenzene; Amﬁu(nm) (e(L mol-t cm—*))=
" L]
| -“'\ ————————————————————————————————————————————————————————————————————————
¢
o -
\‘I. By . .
f;- Species Color DiBDiox (1) Diox (2) IClDiox (3)

red—-brown 865(2950)
[ >
4 740(3150) 750br (3500)
570sh S0Ssh

N 490(8150) 470(8700)
N 330sh

A .
e
) J

o e
o .::
e R1 green 850 (6600) ca /80sh 760sh
AN

A . .
"i 695 (9200) 680U 620(ca /000)

L

P d
( 430(5130) 40Qsh 490 (ca 50Q0)

-

ey e e e e e e e

Y
S .
.$ﬁ* S deep blue 1175(6050) . 1235(4400) 1315(4290)
.,'n‘
C) 955(12100) 955 (14400 ) 1005(16100)

Y
1:3 605(11600) SYO(11100) 585( L0040)

s, ,

ﬁb 5095(3100)sh 475(3600) 450sh

i
R L . -

® , 3795(5/700) 340 420(4140)

(9

Y

(o
> U1 vioiet /20011 1uU) /20 Bu(ca 9700)

~

A

® HIL(6ELBU) a1n b6 (ca J100)
.' -

":\'4 TSN S VAVIE $90ah 385sh
' o
By W

D Y e e e e e e e e e e e e o e e e e o et - = ———— = — ————_—— ————
* .

A .
I e i
e 02 brown-yellow 950(//0) (b) ;
e ) o
\h;‘ S70(3150) ;
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Table VI tonotnotes

a) Solutions ot oxidised and redgucead speci1es prepared by controlled

potential electrolysis and, in the cases of 1,01,
chemical oxidation or reduction.
b) Solution unstable.

sh = shoulder.
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Table Vii: Resonance Raman Spectra

A4S Species Excilitatian Enhanced troguencias
o« -

"‘
;:h wavelength {cm—=)

RS

vy (nm) -

B '.f
D e -
o

o
‘ﬁ 1,8 488 1600, 1350, 14890, 1165, 990, 590, 575, 450

N

g

8
( 570 1550, 1475, 1320, 1165, 690, £590vs, 575vs, 535,
L 509, 490, 450vs, 395, 220. 12%, 1595

o
3 .’_"

° 5.5 457 .9 16V0, 1550, 1485, 363

.

:{ S80 1520, 1485, 1375, 1125, 8lo, 6135, 26bvs, 540,
N

o2 90, 370, 360, 340, 320, 230, 14V

"‘

B

e 1,01 488 or S14 La9n, 1407, L5362, 935, 919, 391, %9s4vs., 324
)
A
[ ) ]
g 620 1407, 935, F1lu, 591, 958ves, D4
ny
Lal

(O

OO

Spectra were run 1in l,Z-dichloroethane. Strong bands are underlined and

et

the most strongly enhanced are marked vs.
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D Table VIIl: Summary of Electronic Spectroscopic Assignments
I )
7k Oxidation Species= Wavelength Assignment

f% State Region (nm)

B 0000 m e -
‘ o

\b R2 [Ru(II)(bpy)(cat)=]1=" 700 - 900 cat(3by)——=>bpy(m.*)

Ru{(dn)—-—-—->bpy(ny*)

XL

)
(' 500 Ru(dn)--->bpy(n=")
N /
)
'. R1 [Ru(IIIl)(bpy)(cat)=1" 800 - 900 cat(3by)—-——=>bpy(mi*)

1)

700 cat(3b.)——=>Ru(dmn) (t=g>)

1 |

L]
o s Ru(I1)(bpy)(sq)= 900 - 1200 Ru(dmn)--->sg(3bi)
. I;
s 600 sq(n)-—->5q(3by)
Sy,
:j 500 Ru(dm)--=>bpy(m.™*)
"‘. .
f o1 {Ru(II)(bpy)(sqg)(g)l* 720 - 8GO Ru(dn)=—->diox(3by)

': 570 diox(n)-—->diox (3b1)

' .

M -

N

a) The dominant oxidation state }5 cited for R1, § and 01 for ease of

assigning the spectra.
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Figure Leqgends

Figure 1
Molecular structure of Ru(bpy)(Dirox)= (2,5)."7
Figure 2
Cyclic voltammogram ot 5.6 x 10-* M [Ru(bpy)(DTB8Diox)=]C10a4 (1,01)' in

DCE soclutiomn with Q0.1 M TBAFR. Scan speed = 200 mV s—t,

Figure 3

ESR spectra ot (lett) [Ru(bpy)(DTBDiox)=J", (l,KR1), 1.4 x 10~ M in DCB
at 77 K, and (right) [Ru(bpy.(DTBDiox)=1", (1,01), in the solid state
at 77 K. The arrows denote the positions or the DPFPH signals.

Figure 4

Nujol mull FTIR spectra of A) Rutbpy)(Diox)= (2,9), 1B) Ru(bpy&(DTBDiox):

(1,5), €) [Ru(bpy)(DTBDiox)=]PFs (1,01), and D) Cp=z=ColRu(bpy)(Diox)z]
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(2,R1).
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Figure 5
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Electronic spectra ot the redox series baseg on Rul(bpy)(DiBDiox)=, an

DCB solution, prepared by conctrnlied potantial DLeClrolysis. The
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Five orbital mode | tor the {c1s) Ru(bpy)(giox)~ redo» series. The

A
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L(a+b) and d(a+2b) orbitals are arbitrarily ordered within each set. The
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across the diagram covers the ranmge RL, S, 0l and 02 with E(L) > E(d)

for 02. The essential features of this qualitative diagram are the
cressing of the mainly L and d orbitals, the extensive mixing thereof,

and the mainly d nature of the LUMO in Rl compared with mainly ligand in

01 and 02.
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