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Ruthenium Complexes of Quinone Related Ligands: A Study of the Electrochemical
Properties of 2-Aminothiophenolatobis(2,2Bipyridine)Ruthenium(ll)
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Electrochemical properties of the newly synthesized 2-amino thiophenolatobisif@/@dine)ruthenium(ll)
[Ru(bpyk(NH2+S)cat] (bpy = 2,2-bipyridine, (NH+S) = 2-aminothiophenolate) are reported, using microelectrode,
disk electrode, rotating disk electrode cyclic voltammetry, spectroelectrochemistry, and differential pulse
voltammetry. The results are compared with the electrochemical properties of the previously stutiiegyRu

LL] ™ compounds, where LL are 1,2-dihydroxybenzened)2-aminophenol (NFO), and 1,2-diaminobenzene
(NHmNH). These ligands can exist in protonatead € 2) or deprotonatednf = 1) forms. By means of cyclic
voltammetry, the deprotonated [Rbpy)(NH-S)]° displayed a series of one-electron reversible redox waves,
consistent with the previously observed results for thé'[Rpy)LL] " complexes. However, the reversible waves
observed for protonated [R(bpy)(NH2-S) cat]" are inconsistent with the irreversible waves observed for
protonated [RU(bpy)LL] ™ complexes. An ECE mechanism is proposed to account for these differences and is
used to interpret and simulate the cyclic voltammograms (CV)s of (By)(NH2-S)cat]" in organic solvents.

1. Introduction own,”~19 have examined the structural characterization, elec-

trochemistry, spectroscopy, magnetic properties, and electronic

In recent years, there has been a significant interest in thestructure, etc.

investigation of the redox series of transition-metal complexes
involving noninnocent quinone related ligandef particular
interest in the biological field.Many groups’~® including our
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Figure 1. The oxidation states and abbreviations of the orthoquinonoid Figure 2. Cyclic voltammograms of (a) [Rigbpy)(O-O)catP in DCE,
ligands. (b) [RuU'(bpy)(NHz-O)cat]" in DCE. (c) [RU'(bpy)(NH2*NH)catP*

in MeCN. Scan rate 200 mV-§ 0.1 M TBAPF;, [complex]~ 1073

We recently reported?2 the electrochemistry of a series of M.
bis(2,2-bipyridine) ruthenium(ll) complexes containing qui-
nonoid ligands, such as catechot(@), c-aminophenol (NH-O),
and quinonoiddiamine (NktNHm,) where the coordinating L
atoms are shown in parentheses. In these complexes the metal
center can exist in the Ruwr RU" oxidation states, the 2;2
bipyridine (bpy) ligand can be reduced and the quinonoid ligands
have three redox forms, the fully reduced catechol (gatthe
partially oxidized semiquinone (sgil and fully oxidized
quinone (gH) (Figure 1). The subscriph reflects the number
of protons attached to the donor atoms in each species. The
catechol species can, in principle, exist in protonatad=(2),
or deprotonatednt = 1) forms, with the exception of (@)
where the coordinated protonated form has not yet been
demonstrated in this series of complexes.

In aprotic and very dry solvents, complexes containing the
deprotonated quinonoid ligand commonly display two reversible
couples corresponding with the g/sq, and sg/cat processes, e.g.,
g(NH-NH) < sq(NHNH) < cat(NHNH). In protic (or wet)
solvents, the cat form becomes protonated (but ne®jPand
these protonated species, such as the [Rugtigiip-NH)catpP™
and [Ru(bpy}(NH,-O)cat]" complexes, display two-electron 2 1 0 -1 -2 -3
irreversible waves attributed to the loss of protons from the Potential vs SCE /V

quinonoid nitrogen atoms during the oxidation of the ligand Figure 3. The electrochemistry of [Rigbpy)(NH-S)sq] in MeCN,
from catechol to the quinone (Figure 2)0° 0.1M TBAPK; reference vs SCE. (a) Cyclic voltammogram, scan rate

. - 100 mVs'?, (b) microelectrode scan at 1 mVs (c) differential pulse
E_Iectrochemlcal stud|e§ were extended to the Ru{fS)i voltammogram scanned toward the negative direction. Pulse width
series to collect comparative data and to evaluate the relevantyg g ms, sampling time= 35.0 ms, cycle perioe: 200 ms, pulse height
electrochemical parameteéts.We had anticipated no new =50 mV. (inset) Scan rate dependence of the currents of jten&
chemistry supposing that the (MNt$) system would behave  E; waves.

0 i it i . .
much as the (NbtO) systen® with some shift in potential due  (\p,.s)cat} species and compare and contrast the resulting
to replacement of O by the more electron rich S. However, the y5t4 with earlier data on related systems.

(NHz'S) species did offer new features in its electrochemistry e cyclic voltammograms (CV) generated using [Ru(bpy)
which turneq out to be notably solvent dgpendent. We explore (NH-S)I"™* in either the semiquinone or quinone form showed
the much richer electrochemical behavior of the [Ru(Bpy) mutiple one-electron reversible waves (Figure 3), consistent

with the results observed for [Ru(bpyNH-NH)q]?" com-

Arbitrary Current
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(19) DelMedico, A; Pietro, W. J.; Lever, A. B. Rhorg. Chim. Acta1998 (NHS)cat]" did not show a two-electron irreversible oxidation
281, 126. ) L .
(20) Masui, H. Ph.D. Thesis, York University, 1993. centered at the (NHS) ligand. Instead, it displayed a variety
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Figure 4. The electrochemistry of [Rilbpy)(NH.-S)cat] in DMF, Figure 6. The electrochemistry of [Ribpy)(NH.-S)cat] ca. 3 x

ca. 3x 1073, reference vs SCE. (a) Cyclic voltammetry, scan rate 1073 M, in pyridine, 0.1 M TBAPF, reference vs SCE. (a) and (b)
100 mVs?, 0.1 M TBAPF;, (b) A microelectrode cyclic scan at  cyclic voltammograms with various switching potentials as indicated,

1mVs™. (Inset) Scan rate dependence of the currentgof E scan rate 100 mVs. (c) A microelectrode scan at 1mVs (d) A
rotating disk voltammetry scan; scanned toward the positive direction
T T T T T T T o = 376 rpm, and scan rate 4 mV/s.
so0 T T
i a ]

2. Experimental Section

2.1. Physical MeasurementThe electronic spectroscopy measure-

[e]
£
<*r E ments were recorded on a Hewlett-Packard 8542A diode array
N £ Bl spectrophotometer. Electrochemical data were collected with Princeton
6 . . .

e |exr E N Applied Research Corporation model 263 or Cypress system version
S I €3 5.5 computer controlled electroanalysis system. Cyclic voltammetry
g | o} g 4 was performed in solutions containing 0.1 M TBAPENd (2-3) x
(8 1073 M of the complex. A platinum disk sealed in glass and a platinum
2 | . wire were used as working and counter electrodes, respectively. AgCl/
g or o1 o3 ot By Ag was used as the quasireference electrode and ferrocene as the internal
£ | v/V s 4 reference. Ft/Fc = 0.425 V was assumed in acetonitrile (MeCN), 0.4
<

V in dimethyl formamide (DMF), and 0.5 V in pyridine (Py) vs SCE.
. CVs were performed under a nitrogen atmosphere.
Spectroelectrochemistry was performed in a Hartl €eTihis cell
. is equipped with transparent gold foil as the working and the counter
electrodes and a AgCl /Ag wire as the reference. Solutions generally
b contained 0.2 M TBAPEand ca. 2x 10% M of the compound under
study.
20 1.5 1.0 0.5 0.0 -0.5 —1.0 —1.5 —-2.0 2.2. Chgmicgls and SolutionsThe compounds 2’,—2bipyridyl (99%)
. and 2-aminothiophenol (99%) were purchased from Aldrich and used
Potential vs SCE /V without further purification. Ru(bpyLl; was synthesized according
Figure 5. The electrochemistry of [Rigbpy)(NH2-S)cat]" in MeCN, to literature procedure and further purified by Soxhlet extraction with
0.1M TBAPF;, ca. 3x 1072 M, reference vs SCE. (a) A differential  dichloroethane. NiPF; (Aldrich) and tetrabutylammonium hexafluo-
pulse voltammetry scan; scanned toward the negative direction. Pulserophosphate were recrystallized from methanol. Caledon reagent grade
width = 40.0 ms, sampling time= 35.0 ms, cycle periog= 200 ms, acetonitrile (MeCN) was distilled overBs, pyridine was distilled over
pulse height= 50 mV. (b) A microelectrode cyclic scan at 1mVs sodium hydroxide (NaOH), followed by partial distillation. Anhydrous
(c) A cyclic voltammogram, scan rate 100 mVsactivated AJOs was grade dimethylformamide (DMF) from Aldrich was used without further
added to obtain a very dry solution. (inset) Scan rate dependencies Ofpurification.
the CV currents of wavessEE,, and k. 2.3. Preparation of [Ru(bpy)x(NH2:S)cat]". Freshly mad¥ cis-
reversible wave in dimethylformamide (DMF) (Figure 4), two Ru(bpy}Cl2 (0.1 g) was added to degassed methanol (30 mL), resulting
one-electron reversible waves in acetonitrile (MeCN) (Figure N @ purple solution. The 2-aminothiophenol ligand (0.22 mL) and
5), and a one-electron irreversible wave followed by a one- sodium hydroxide solution (0.1 mL of 0.2 M) were added and the
. . - . resulting dark brown mixture was refluxed for 18 h. After cooling to
electron reversible wave in pyridine (Py) (Figure 6).

An ECE mechanism is proposed to account for these 22 L B P M E R Sheier G. Phihal -

H : : ever, A. . Py llaeva, E. ., Speiler, . alocyanines:
d|fferenc_es with so!ven@ dependence fo_cused on one particular Properties and Applications_eznoff, C. C., Lever, A. B. P. Eds.:
step. This mechanism is used to explain and simulate the CV VCH: New York, 1993; Vol. 3, p 1. Lever, A. B. P.; Wilshire, J. P.
of [Ru'(bpy)(NH,:S)cat]" in different organic solvents. It is Inorg. Chem 1978 17, 1145.
then examined experimentally using various electrochemical (23) Kreicik, M.; Danek, M.; Hartl, F.J. Electroanal. Chem1991, 317,
tgchniqu_es such as microelectrode, spectroelectrochemistry, angb4) syllivan, B. P.; Salmon, D. J.; Meyer, T.ldorg. Chem 1978 17,
differential pulse voltammetry. 3334,
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Table 1. Electrochemical Potential Data for Protonated and Unprotonated Species in Organic Solvents

species solvent ﬁz's E4/E'4 Ea/E’g E3/E'3 E7/E'7 Es/E's E2/E'2 El/E’l
[Ru(bpyk(NHzNH,)]2* MeCN 1.35 —0.47 0.99 —1.15 —1.48 —1.68 -1.72 —1.82
[Ru(bpyk(NH,-O)cat]® MeCN 1.60 _ 0.1 0.48 —0.75 —1.52 -1.78 —1.66
[Ru(bpyk(NH,-S)cat] DMF 0.06 0.06 —0.68 —1.55 —-1.81
[Ru(bpy)(NH,-S)cat} MeCN 1.40 0.24 0.15 —0.7 -1.51 —1.74 -1.71 —2.05
[Ru(bpy:(NH-S)cat] Pc 1.48 0.23 0.15 —-0.73 -15 -1.73
[Ru(bpy)(NH,:S)cat] Py 0.15 0.07 —0.62 —1.46
[RU'"(bpy)(O-O)catpP MeCN 1.79 0.56 —0.33 -1.72

@ Redox processes are identified in the text. Column 1 identifies theXspecies and redox processes involving this protonated species, are E
E7, and E. All other processes, which are underlined for clarity, involve the deprotonateX Nptcies. Data for the (N+-NH,), (NH2-O), and
(O-0) species are abstracted from ref 10. All the potentials recorded are versus SCE. The potentials were adjusted to SCE using ferrocenium/
ferrocene as the internal reference. All processes are chemically reversible except where shown otherwise. HowelEg, hecé&ss while
intrinsically reversible may appear irreversible in some situations depending upon the availability of protons (see text). These data'&sume Fc
at+0.425 V vs SCE in MeCN;+0.4 V in DMF, +0.5 V in Pyridine (Py), and-0.45 V in Propylene carbonate (P&Chemically irreversible.
¢ Two-electron reversible oxidation (combined, [Es). ¢ Quasi-reversible at scan rate of 100 m\#/Scan rate 200 mV/s.

room temperature, 0.15 mL of NFAR; solution (0.58 g in 0.6 mL water) diffusion controlled proces®.The ratio of the anodic to cathodic
was added and the mixture concentrated under a stream of argon ovegyrrent in both waves is unityp d1pc = 1, and is characteristic
a period of 2 days. During this time, dark purple crystals were deposited of 5 reversible redox reactidd.In a reversible, diffusion
from the solution. The crystals were filtered and washed with degassedcontrolled CV. the number of electronsnvolved in the redox

diethyl ether under a nitrogen environment inside a glovebag. (0.0994 ti b timated in th d le f th Kt
g, 70.8% vyield). Anal. Calcd for £HxFeNsPSRu: C, 45.75%; H,  'caction can be estimated In the redox couple irom theé peax to
3.25%: N, 10.56%. Found: C, 45.44%; H, 3.05%; N, 10.19%. [Ru- Peak separation which is 59/n mV. Using the data in Figure 3,

(bpyX(NH-S)sq]' can be prepared from Ru(bp¢)lHz-S)cat] by nvalues of 1.0 are estimated for both th#¢H and E/E'4 redox
treatment of an acetonitrile solution with a few drops of aerated aqueous couples. The differential pulse voltammetry of this solution is
ammonia, while oxidation of an acetonitrile solution with AgGi@elds shown in Figure 3c. The half-height bandwidiW(,) can be
[Ru(bpyk(NH-S)qF*. expressed 88Wy» ~ 90/MF (mV) and using data from Figure
3. Results and Discussions 3, part ¢,n values of 0.89 and 0.90 were calculated for the E
' E'; and E/E'4 redox couples, consistent with their one-electron
3.1. Deprotonated Catechol Specie$he [RU'(bpy)(0O-0)] nature. Finally, the CV of this system using a microelectrode
species exhibit multiple one-electron redox couples centered at(Figure 3, part b) demonstrates that the two waves £ £
the metal, quinonoid ligand, and the bipyridine ligaddehe and E/E'4 have a current height ratio of 1:1. The microelectrode
assignments are well establishfed? Cyclic voltammetric data  experiment is especially informative since, assuming similar
for [Ru(bpyk(NH-O)cat]" and [Ru(bpy)(NH-NH)cat]" are diffusion coefficients for the various redox species, the ratio of
similar to those of the (€D) and (NHNH) ligand analogues  peak heights for a pair of redox couples is equal to the ratio of
and reported in Table 1 with data illustrated in Figure 2. The thejr respectiven values?®
same .couples and potentials are observed irrespective of the In the following sections the redox waves observed with
Oxlqu?etg); asstzitgen(r)‘r:etztes t\)/\llgtesgzcdlgsbéqs'ezqc’)r? IrsSZt:Tr)c.)electroche Ru'(bpy}(NH,-S)cal]” will be compared fo those of the
Ryl n+ i — . .
istry results. The CV of [Ri(bpy)(NH-S)sq]" in MeCN (Figure (ﬁl:'.(gﬂ))/)z(ll_zli_]ures;))emes where LL= (0-0), (NH-O), and
3) resembled that of the [R(bpy)(O-0)]>" complex! and these 9 '

waves are assigned accordingly and labeled as noted. 3.1.1 bpy/bpy- Redox Waves.The reduction potentials of

the bpy ligands in [Rbpy)(NH-S)catP occur at—1.71 and
I _ _ —2.05 V vs SCE (Table 2) shifted as usual, positively, from
[Ru"(bpy )(bpy)(NH-S)cat] +e <= the potential for reduction of the free bpy ligandZ.18 V vs
Il - . - SCE) due to the interaction of the positively charged metal
[Ru"(bpy ), (NH S)Catf' (1) center with ther* bpy LUMO causing it to be stabilized. The
; g bpy reduction potentials in the [Ru(bpiL] ™" (LL = (NH-S),
[Ru (bpy)z(NH-S)catf te = (NH-0), (NH-NH)) complexes all occur at roughly the same
I 2 potential. The corresponding reduction potentials for the
[Ru”(bpy )(bpy)(NH-S)cat] (2) [Ru" (bpy)x(NH2-S)cat]” species lie about 200 mV more positive
due to the increased positive charge on the complex (Table 1).
[RU" (bpy),(NH-S)sq] + & % [RU" (bpy),(NH-S)catf We discuss the R#' redox processes below (section 3.3.5).
3 (3) 3.2. Protonated Catecholate Specie$he CV of protonated
[Ru'(bpy)(NH2-O)cat]" and [RU (bpy)(NH2-NH,)catP+ show
' . _ & . a chemically irreversible two-electron oxidation wa\@imilar
[Ru'" (bpy)(NH-S)af " + e <, [Ru (bpy),(NH-S)sq] behavior is noted for [(Ru(Nks)z(catHy-catHy)]4t where
4)

(25) Ebadi, M.; Lever, A. B. P. Manuscript in preparation.

E ;
Il . + S il . + (26) Bard, A. J.; Faulkner, L. RElectrochemical Methods, Fundamentals
[Ru™ (bpy)(NH S)Q}g t+e Ex [Ru"(bpy)(NH S)Q]2 and ApplicationsJohn Wiley & Sons: New York, 1980. Gosser, D.
(5) K. Cyclic Voltammetry, Simulation and Analysis of Reaction Mech-

anisms VCH: New York, 1993.

1 ' (27) Parry, E. P.; Osteryoung, R. Anal. Chem 1964 37, 1634.
The currents for the two '3 and E/E'4 redox couples are (28) Montenegro, M. I.; Queiros, M. A.; Daschbach, JMicroelectrodes,

shown as a function of scan rate (Figure 3, inset), showing Theory and ApplicationdATO ASI series; Kluwer: Dordrecht, 1991
square root dependence. This behavior is characteristic of a(29) Kawanishi, Y.; Kitamura, N.; Tazuke, Biorg. Chem1989 28, 2968.
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(catHy-catHy) is 3,3,4,4-tetraaminobipheny® This two-electron I _ _ B

voltammetry, leading to the [Riqq)] species as documented [RU (PPY )(bpy)(NH,-S)catf + e =

by spectroelectrochemist)?°is especially well developed in RU" Y. (NH..-

an aqueous acidic solvent such as phosphoric acid. While [RU(bpy )(NH,S)cat (9)
oxidation of the deprotonated catecholate anion to semiquinone ' _E

and quinone usually takes place in fully reversible steps in [Ru (bpy)z(NH2~S)catT +e =

aprotic medium, oxidation of the fully protonated catechol has

Il ~
obviously to involve loss of protons which must occur prior to [Ru” (bpy )(bpy)(NHZ-S)cat]) (10)
net oxidation. In an acidic solvent this loss of protons is £
inhibited. N [Ru" (bpy),(NH,-S)catf * + e ==

While amines are usually easy to oxidize, this is not the case Es
if the lone pair is tied up by bonding to a metal center. Thus a [Ru”(bpy)z(NHZ-S)catT (12)

coordinated amine is difficult to oxidize. In these systems, the
first thermodynamically accessible oxidation is'Rt- Ru",

i . v K
at fairly positive potentials, e.g., [Ru" (bpy),(NH,S)catf o

I . +
R @pyNHS)caif + e = [Ru Opy)NHS)call [RUBpyyNH-S)sal +H' (12)

E
[Ru" (bpy),(NH-S)af " + e == [Ru" (bpy),(NH-S)sq]
The presence of the Lewis acidic [Ruenhances the acidity * (4)
of the coordinated amine causing loss of protons and this is

followed by an internal electronic rearrangement, and oxidation i . " _ 5 I . 4

(5)
[RU" (bpy),(NH,*S)catf " —

R bpyy(NH-Sycar s e (7 [RUEPYRNH-S)sal + e 2 [Ru'(bpy)(NH-S)caf

3)
I . + P i .
[RU" (bpy),(NH-S)qf " + e — [Ru" (bpy),(NH S)cat]zg) [RU" (bpy),(NH,-S)cat] ::_2 [RU (bpy),(NH-S)catf + H*
(13)

Each solvent will be discussed in turn with supporting
information given below. Processes are labeled consistently so
that the same label used for data collected in different solvents
reflects the same redox or equilibrium process. The bulk solute

o , ] :
species has been presented upon oxidation of an analogou§pe,Cles IS [Rubpy)?(NH? S)cat]"in all .cases..Unt_JIer arange
ruthenium(ll) complexes of diaminobenzéheand 4,5,45- of circumstances as defined below, this species is converted to

tetraaminobiphema? Presumably [RYl (b NH.-S)cat?" is the deprotonated quinone or semiquinone species whose elec-
less stable tﬂan %ﬂe Nudiamm)i/n[obe(nngr%é de2riv;tiv£s The tronic spectra and redox potentials are well defined as described
- - A, bove.
chemistry of [RU(bpy)(NH2-S)cat]™ in phosphoric acid was a - . .
studied as a medium which might inhibit the deprotonation step; . 3.3.1 Aceto'mtrlle (MeCN) (Figure 5).The .key.obgervatlo.n.s
however, oxidation proceeds at room temperature to the quinone!” MeC_N solution are controlled potential oxidation just positive
species when a degassed phosphoric solution of thiRy),- of E4 yields [RU'(bpy)(NH-S)qF " as deduced by spectroelec-
(NH,-S)cat] species is exposed to oxygen. trochemistry, while reduction of the solution so generated, at
As outlined in the Introduction, [Rifbpy)(NH2-S)cat dis- E's yields [Rd'(bpy)z(NH_-_S)sq]F (Figure 7b).' In this_ fashio_n
played a variety of CVs in different organic solvents. To assign _the E/E' gouple Is identified (eq 4). Reduction of this s_olut|on
these redox peaks and the processes involved, the spectroeledtSt Négative of & regenerates [Rifopy):(NHz-S)cat]” Oxida-
trochemistry of the [Ri(bpy)(NH2+S)cat]” was explored in tion of this solution at E yields the semiquinone species
the various solvents. The UV assignments to catechol, semi-[Ru“(I:)py)Z('\”_i'S_)Sq}F (spe_ctroelectrocher_mstry, Figure _7a)
quinone, and the quinone species are based on a detailed stud here a proton is lost relative to the bulk, i.e., processes in eqs
carried out on these complexes using NMR and FTIR spec- 1 and 12.

troscopies, X-ray crystallography, and semiempirical (ZINDO) 1€ data dis?layed rin Figure 8,dp€rt a, are very reveafling.
calculationg® The dominant absorption bands in theRUH,- Using spectroelectrochemistry and beginning positive gf E

S) species in the gH, sqH, and catbkidation states lie at 520, upon scanning negatively, the formation of the semiquinone is

704, and 522 nm, respectively. These bands are used to identif)fouowed by plotting the intensity of the semiquinone absorbance
the species but details will be reported elsewleére. at 706 nm, as a function of potential. This absorption band was

3.3. Mechanisms.The processes occurring in the various chosen because it is well separated from the other absorption

solvents are understood in terms of a general set of redox andbalnd,S at hllgher energies. ¥h|shabsoLbanc|e IS a_bsenlt IW'Fh the
equilibrium reactions usable for all solvents but where variations Sr? ution po arlzgéi positive o ENSere t ehso ution is Isofe ym
in specific equilibrium constants cause the solvent behavior to th€ guinone oxidation state (NH)g. At the potential of &,

look quite different. These processes are described by [processe € 706 nm band grows i_n (;ee Ieg_end for the method of pIo_tting
in eqs 3-5 are repeated for clarity] these data) as the semiquinone is formed. At the potential of

E's, the 706 nm band intensity diminishes as the'[Rpy)-

(30) Metcalfe, R. A.; Vasconcellos, L.; Franco, D. W.; Lever, A. BJP. (NH-S)catp species iS_fo_rmed and then rapidly protonam,(
Chem. Soc., Dalton Trango be submitted. 524 nm) (eq 13). This is a Nernstian plot which defines the

where reaction 8 represents, at a moderately positive potential,
a spontaneous loss of the second electron from thé (RH-
S)cat]" species to yield the final two-electron oxidation product.
We were not able to trap the Ruspecies to detect its EPR
spectrum, but EPR proof of the initial formation of a'Ru
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Figure 8. Distribution of various species as a function of potential

Figure 7. (a) The electronic spectra of [Ribpyl(NH-S)sal in  (Nernstian plot). The intensity of the absorption peak at 706 nm is
acetonitrile/0.1 M TBAPE; as a function of potential the complex is  sed to calculate the concentration of each speciesat different potential
spectroelectrochemically reduced to [Rapy)(NHz-S)cat]". The semi- and applied to the [Ru(bpyNH-S)cat] species in (a) MeCN and
quinone peak at 704 nm, and protonated catechol peak at 522 nm,) pMF. Solid circles show data scanned from positive to negative
distinguish the two species. (b) The electronic spectra of (By)- potential, while open circles show data scanned from negative to
(NH-S)sq]" in acetonitrile/0.1 M TBAPE; as a function of potential  positive potential. The relevant redox reactions observed at each
as it is spectroelectrochemically oxidized to [Rapy)(NH-S)qF*. The potential, are shown on the diagram. The arrow directions in the

semiquinone peak at 704 nm, and quinone peak at 520 nm, distinguishstryctural representations follow the arrow directions in the scan.
the two species.
In these experiments, the spectrum of the deprotonated

potentials for Eand g as the midpoints of the sinusoidal curves. c
catechol, [Rl(bpy)(NH-S)catP, has not been observed. It is

Slight variation from the cyclic voltammetric data is probably ’ :
due to IR drop problems and/or the influence of chemical Certainly going to be a very strong base and protonates too
equilibria. rapidly for its spectrum to be identified.

Continuing with Figure 8, part a, and beginning with bulk ~ Consider the non-steady-state CV experiment (Figure 5, part
(NH-S)cat at—1.0 V, there is no growth in the 706 nm band C€). Beginning at the rest potential (lying betweendad E,)
until process Eis reached where a proton is lost and (1$#5sq bulk [Ru'(bpy)(NH_+S)cat]" is oxidized with loss of a proton
is formed. Continuing positive, the semiquinone is soon lost as at B ultimately forming [RY (bpy)(NH-S)sq]" (egs 11 and 12)
we move through process; Borming the quinone (NFB)g once ~ Which is then further oxidized ats&o [Ru'(bpy)(NH-S)qF*.

again. Es represents an irreversible oxidation to form {Rbpy)(NH-
These data clearly indicate that under steady-state conditions S)dP*" (see below). Returning, [R(bpy)(NH-S)qF" is reduced
the processes of net oxidation of the bulk material are at E4 to regenerate [Rigopy)(NH-S)sq]". The protons released
in step (egs 11 and 12)) are still in the vicinity of the electrode.
[RU" (bpy),(NH,*S)cat] —E; — Thermodynagi(cally, the reverse processes (egs 11 and 12) to
I + regenerate [RU(bpy)y(NH,-S)cat]" are more favorable than
[Ru' (bpy),(NH-S)sq] + H'—E,— reduction of [RU(bpy)(NH-S)sq] to [RU' (bpy)(NH-S)cat].

[Ru'(bpy),(NH-S)qf" (14) Thus the CV experiment indicates that most of the'[Rpy)-
(NH-S)sq]" is reduced at fg to form [RU'(bpy)(NH2-S)cat]'.

while rereduction of the generated [Rbpy)(NH-S)qP" The presence of the low current wave &/IE; shows that some
proceeds via: equilibrium amount of [RU(bpy):(NH-S)sq]” generated at'k
: . remains un-protonated and is reduced to'[Rpy)(NH-S)-
[Ru" (bpy),(NH-S)af ' —E', — catP at E; [see simulation in section 3.4].
[Ru" (bpy),(NH-S)sq] —E'; — [Ru" (bpy),(NH-S)catf Steady-state data are shown in the microelectrode study

(Figure 5, part b). The wave ne@ V comprises both the &
and E processes. The total current (two-electrons) gfakd

E7, representing the two successive reductions of the bipyridine
ring, is equal to the sum of the currents aj, E4, and E.

[Ru”(bpy)z(NH-S)catf +H"— [Ru"(bpy)z(NH -S)cat] Simulation (see section 3.4) of the rotating disk electrode study
2 . .
(16) also reproduces the scan in Figure 5, part b. Note that the very

(15)
followed rapidly by



Quinone-Related Ligands Inorganic Chemistry, Vol. 38, No. 3, 199973

small current at Eis a consequence of starting the microelec-  3.3.5. RU'/Ru" Redox Processes and EL) Parameters
trode scan at a potential positive of. At this potential, some (Es, Eg). The B processes tend to be irreversible and hence
[Ru'(bpy):(NH-S)gP+ is formed in the vicinity of the electrode,  represent a minimum value for the ®U[NH-X]q couple. The

is reduced at fto [Ru'(bpy)(NH-S)sgl and, as noted above, Egprocesses, corresponding with the'®JNH2-X]cat couple,
some of this remains to be reduced at Ehere is no wave can appear reversible but are followed by rapid loss of protons.
observed at Eif the scan is begun from a potential negative of For this latter couple there is a distinct difference between the
Es. If an organic acid, such as trifluoracetic acid is added to various species with the B{ couple shifting to more positive
the solvent, the waves at'#E; are totally absent from all  values in the sequence % S < O < NH- In this case, then,
voltammograms since equilibrium (eq 13) will now lie totally replacement of oxygen by the more electron rich sulfur does

to the left. have a significant effect in making the ruthenium easier to
Processes'HEs and E/E; are the successive reductions of ©Xidize. This can be understood by recognizing that in these
the bipyridine ligands bound to the protonated [Ripy),(NH.* catecholate species the extra electron density remains localized

S)cat]" species occurring some 200 mV more positive than for ©N su!fur_ _since the char_ge cannot deloca_llize onto the ring to
[RU'(bpy)(NH-S)catP because of the extra positive charge on  2nY significant degree; it can therefore influence the"RRu

the complex. This experiment has been digitally simulated (see Potential. However, there is literature evidefic€ for metal
section 3.4). based redox couples such as Y6 showing the reverse

3.3.2. Dimethylformamide (DMF) (Data in Figure 4). The sequence with the oxygen based ligand causing the metal to be

data in DMF are readily understood on the basis of the previous much caster to OXIdIZ.e than the analogous sulfur ligand. This
discussion, In this solvent the two wave's/E4 and Eg/Eg have has been discussed in some defsth.

SI s Od int n Stw? lectron Or which shows iust a ver With respect to the g/sq and sg/cat redox processes dis-
co_a_escle oot ef N ee(;_ 0 _ptoctess chs OtSng at €Ycussed above, the extra charge can delocalize into the ring in
rrrlmina hamqutn c;hsepar:at;]orl into. wodcomponen St' pec ro'”the g and sq oxidation states, so that the effect of replacing O
elec ro;: ?mls ry t rougb t.?. rteglon ;)esdget?]erag a sma by S is muted. With X= NH, there is an extra positive charge
amount ot semiquinone but it IS transient and OtNETWISE SNOWS gy the species accounting for the more positive oxidation
the two-electron interconversion between [Eapy)(NH2+S)- potential

| . + i i . . ..
cafl" and _[Rd(b_py}z(NH S)aF". '_I'he Nernstian graph of Knowledge of the RW!" potential could, in principle, lead
concentration ratio versus potential (Figure 8, part b) shows

ion b h q o evaluation of the magnitude of the (E) parametei which
some separation between the two processes (eqs 4, 11, and 12} 5 measure of the donor and acceptor characteristics of the

3.3.3. Pyridine (Py) (Data in Figure 6).The cyclic voltam-  |igand 32 Knowledge of the comparative i) values for these
mogram of [RU(bpyy(NHz-S)cat]" in pyridine displays a  Jigands would then be useful to have, especially as a function
reversible wave at fE'4, and two irreversible waves ag&nd of the oxidation state of the quinonoid ligand. However, given
E's potentials (Figure 6). The wave atls coupled to Eas in that the R/ data are not fully reversible and any(E) values
MeCN, but in this case there is no wavg Bor E;. Wave B would only reflect a single datum, and hence not statistically

is absent when cycling around/E'4 (Figure 6, part b, curve i) very useful, we do not try to extract, ) values for these

but reappears if the negative going sweep is extended to includeligands at the present time.

E's (Figure 6, part b, curve iii). Thus the irreversible wave at 3.4, Simulation of the Cyclic Voltammograms.To examine

E's is the reverse process of the wave gt E the redox mechanism illustrated by the cyclic voltammetry in
While the CV looks very different from that in MeCN and  pyridine and MeCN, these data were simulated using the

DMF, the interpretation is straightforward with one crucial Digisim® program version 2.1 (Bioanalytical Systems, Inc.). The

difference. Oxidation of [Ri(bpy)(NH.+S)cat]" at E; results potentials for the various redox processes are those portrayed

in deprotonation and formation of [R(bpy)(NH-S)sq]" and in Table 1. Equilibrium and rate constants required for egs 12

this is followed at & by formation of [RU (bpy)(NH-S)qR* and 13 were varied to obtain a reasonable fit to the response.

The semiquinone is reformed aybut in pyridine the released ~ However, no attempt was made to achieve a perfect fit since to

protons are tied up by the very basic pyridine and the be useful this would require a very much more detailed statistical

semiquinone is unable to extract them to regenerat (Ruy)- analysis of the experimental data, and this was not obtained.
(NH»+S)catpt directly. Thus all of the [Ri(bpy)(NH-S)sq] The resulting equilibrium and rate constants, shown in the
formed at E is reduced at & where the [RU(bpy)(NH-S)- legend, should then be considered as illustrative but not
catP generated is evidently a strong enough base to removedefinitive.

the extant protons from pyridine (absence of return waye E Figure 9 displays the simulated CV and RDE data for
The microelectrode and rotating disk data (Figure 6, part d) [Ru"(bpy)(NHz-S)cat]" in MeCN, and these closely resemble
confirm the 1:1 nature of the current flow as End E,. the experimental data shown in Figure 5.

To simulate the CV of [Ri(bpy)(NH.-S)cat]" in pyridine,
an additional homogeneous chemical reaction was added to
present the basic nature of the solution

To test the hypotheses, a small amount of concentrategd NH
was added during the CV in MeCN. The reversible wave at
Eg/E's became totally irreversible and the CV resembled that
generated in pyridine, confirming the hypothesis. The CV and
microelectrode/RDE behavior in pyridine have also been
simulated (section 3.4).

3.3.4. Quinonoid Ligand Redox Waves (g E4). In these
[Ru(bpy)LL] ""complexes, the potentials for the reversible
oxidation (E,E4) of the quinonoid ligands (in their sqH or catH  (31) cleland, W. E., Jr.; Bamhart, K. M.; Yamanouchi, K.; Collison, D.;
forms) shift significantly toward more negative values by Mabbs, F. E.; Ortega, R. B.; Enemark, J. Morg. Chem 1987, 26,

i ; i i 1017.
replacing the oxygen atoms with the more electron rich nitrogen (32) Olson, G. M.: Schultz, F. Ainorg. Chim. Actal994 225 1.

atoms in the qUinonQid ligand (Table 1). Replacing oxygen with (33) Fielder, S. S.; Oshorne, M. C.; Lever, A. B. P.; Pietro, WI.JAm.
the more electron rich sulfur has a very much smaller effect. Chem. So0c1995 117, 6990.

B+H =BH" (17)

Figure 10 displays the simulated CV and RDE data for
[Ru'(bpy)(NH-S)cat]" in pyridine, again closely resembling
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3e-5 would generate a CV resembling that one in pyridine. Further,
the simulated voltammetry used the same equilibrium constant
2e-5 { and rate constant data for eq 12 in both solvents, with a small

equilibrium constant indicating that equilibrium eq 12 is rather

te-5 4 finely poised and hence the relative concentrations of the species
< getol 2 are_ga;ily influenced by so!vent aciglity and basicity. The
E equilibrium constant for eq 13 is determined by thermodynamics
é 165 of the system, by the value df chosen for eq 12 and the

observed redox potentials. It is very small, the equilibrium lying

2¢-5 4 strongly to the left as expected. There is therefore only one
b) equilibrium constant to fit.
-3e-5 -

4. Conclusions

-4e-5 T T T T

The mechanisms described in egs1B can account for the
various differences observed for the electrochemical behavior
Scan Range /V vs SCE of the [Ru(bpy)}(NH.-S)catH]?" species in various solvents.
Figure 9. Digisimé simulation of the acetonitrile data shown in Figure  The rather remarkable differences arise from relatively small
5. See text section 34 for details. Simulatio'n mechanism involves eqgs changes in protonation equilibria influenced by the basicity or
(3)j04]i,ade=gi_1>3:. f&fekrl,t'ilslaf tlrglsle:j:]g‘gnlg"KTa:bf;'XF%ig g) K Jack of pasicity of the solven't. The additiqn of ammonia} to a
cyclic voltammogram, 100 mVé; (b) rotating disk electrode voltam- ~ nonbasic solvent or of an acid such as trifluoracetic acid to a
mogram (steady state, will mimic microelectrode study). The current basic solvent cause Changes which mimic the solvent variations.
has been scaled to place both sets of data together for comparison. Microelectrode and rotating disk studies, and digital simulation

analyses provide additional confirmatory evidence for the

1505 validity of the treatment.
1.0e-5 Consideration of the data in Table 1 reveals that while there
5.0e-6 are marked differences in potentials between(X = NH,
< 006404 0), data for X= O and S are rather similar. The key observation
5 soos- is that for X=S, B < E; while for X = NH, O, B > Ey. In
g the former situation Eand E appear as two independent one-
O -1:0e5 electron processes, albeit coincident in DMF solution. When
-1.5e-6 - Eg lies above kg in potential, oxidation of [RU(NH-X)cat]™"
2065 - leads to [RU'(NH,-X)cat]™ D+ which loses a proton and
2505 . rearranges to [RYNH-X)sq]"", but this species is now lying
075 050 0.25 0.00 -0.25 -0.50 -0.75 -1.00 -1.25 at a potential greater than,Eo it immediately oxidizes to
Scan Range AV vs SCE [RU"(NH-X)qg]™D+, thus the process atgEppears as a two-

electron oxidation.

Figure 10. Digisim® simulation of the pyridine data shown in Figure The parameters arising from the simulations cannot be
6. See text section 3.4 for details. Simulation mechanism involves eqs

3,4, 11-13, and 17. Potentials are those shown in Table 1. For eq 12, stumed' statistically accurgte but they do show that eq 12 is
K=0.0Lk =1x 10% k/ = 1 x 1CF. For eq 13K = 4.3 x 10°%7, finely poised, and eq 13 lies strongly to the left. Thus the
kp=43x 107, k' =1 x 10 Foreq 17K =1 x 10", k = 1 x mechanism proposed to account for the unusual solvent behavior
10, k, = 1. (a) Cyclic voltammogram, 100 mV5% (b) rotating disk is confirmed.

electrode voltammogram (steady state, will mimic microelectrode

study). The current has been scaled to place both sets of data together Acknowledgment. We thank the Natural Science and
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the experimental data shown in Figure 6. Both experimental
CVs in MeCN and pyridine were simulated by using the

proposed mechanism, and the conversion of one simulated CV
to another by addition of eq 17 to the mechanism, is consistent
with the experimental result where addition of base to MeCN 1C980838B



