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ABSTRACT

Ruthenium complexes with the non-innocent ligands (NILs) benzoquinone, iminobenzoquinone and ben-
zoquinonediimine and their redox derivatives exhibit intriguing electronic properties. With the proper
ligand set the NIL 7* orbitals mix extensively with the ruthenium d orbitals resulting in delocalized elec-
tron distributions and non-integer oxidation states, and in most of these systems a particular ruthenium
oxidation state dominates. This review critically examines the electronic structure of Ru-NIL systems
from both an experimental and computational (DFT) perspective. The electron distribution within these
complexes can be modulated by altering both the ancillary ligands and the NIL, and in a few cases the
resultant electron distributions are exploited for catalysis. The Ru-NIL systems that perform alcohol oxi-
dation and water oxidation catalysis are discussed in detail. The Tanaka catalyst, an anthracene-bridged
dinuclear Ru complex, is an intriguing example of a Ru-NIL framework in catalysis. Unlike other known
ruthenium water oxidation catalysts, the two Ru atoms remain low valent during the catalytic cycle
according to DFT calculations, some experimental evidence, and predictions based on the behavior of the
related mononuclear species.

© 2009 Elsevier B.V. All rights reserved.

Abbreviations: bbp, 2,6-bis(benzimidazol-2-yl)pyridine; btpyxa, 2,7-di-tert-butyl-9,9-dimethyl-4,5-bis(2,2':-6',2"-terpyrid-4'-yl)xanthene); btpyan, 1,8-bis(2,2":6',2"-
terpyridyl)anthracene; dppb, 1,4-bis(diphenylphosphine)butane; edta, ethylenediaminetetraacetic acid; NH,-L, bis(2-pyridylmethyl)-2-aminoethylamine; NPh-bpa,
2-(bis(2-pyridylmethyl)aminomethyl)anilido ligand; Mestacn, 1,4,7-trimethyl-1,4,7-triazacyclononane; TBA, tertrabutylammonium; TFA, trifluoroacetate; Vi, rest poten-
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1. Introduction

Metal-based radicals and redox transformations are the corner-
stones of most catalytic cycles. Growing in importance - yet still
underutilized - are metal complexes with redox addressable co-
ligands that catalyze chemical reactions [1-7]. Nature, however,
often exploits redox-active organics in chemical transformations
[8]. Amine oxidase and galactose oxidase are two prominent exam-
ples of redox-active organic groups and metal centers working
cooperatively in catalysis [2,9].

Studies on alternative energy sources are of irrefutable envi-
ronmental and economic importance [10]. Water is an attractive
feedstock for renewable fuels. The oxidation of two water
molecules generates four electrons in addition to four protons
and molecular oxygen (Eq. (1)). This deceivingly simple conver-
sion, however, has a potential of E°=0.82V vs. NHE at pH 7 and
requires a catalyst in addition to an applied overpotential. In
photosystem II, a nearby redox-active tyrosine residue (*OTyr;)
relays the necessary oxidizing equivalents to the manganese-
containing cluster. This is coupled with a proton transfer from
a nearby histidine [11-18]. A variety of dinuclear coordination
compounds catalyze the oxidation of water, but most systems
are plagued by poor to modest turnover numbers [19,20]. The
Tanaka catalyst ([Ruy(btpyan)(3,6-'BuyCgH205)2(0H),]%* where
btpyan=1,8-bis(2,2’:6’,2"-terpyridyl)anthracene) exhibits excel-
lent activity for water oxidation [21-23]. The Tanaka catalyst is
unique in its employment of redox-active dioxolene ligands, and
it is these redox-active ligands that underpin the extraordinary
reactivity of this complex.

2H,0 — Oy +4H* 4 4de~ 1)

Non-innocent ligands comprised of 1,2 disubstituted phenylene
redox-active subunits (Scheme 1), henceforth denoted NIL, have
been increasingly studied since the 1970s due to their intrigu-
ing electronic properties [24-30]. These bidentate ligands have
three oxidation states (NILRed, NIL* and NIL®%)! related by one-
electron redox transformations (Scheme 1). The combination of
NILs with redox-active transition metals can afford redox tau-
tomers, complexes related by the intramolecular transfer of an
electron between the NILand metal fragments [30,31]. For example,
upon the application of an external stimulus such as temperature,
the complex [Co(NILRed)(NIL*)(bpy)] transfers an electron from
the NILRed to the Co center to form [Co'/(NIL*),(bpy)]. Whereas the
valence tautomers [Co(NILRed)(NIL* )(bpy)] and [Co!(NIL*),(bpy)]
are complexes of distinct and different localized electron distri-
butions, complexes with a single delocalized electron distribution
(i.e., non-integer oxidation state) can also occur in M-NIL sys-
tems. Ambiguous or non-integer oxidation state assignments of
the metal and NIL fragments occur when there is a large degree
of mixing between the metal and NIL orbitals [32]. The extent of
delocalization is determined by the energies of the frontier orbitals
(inclusive of symmetry and overlap) of the NIL and metal. Such
delocalized electron distributions are prevalent in Ru-NIL chem-
istry [33].

The possible oxidation states for the Ru-NIL systems and their
spin multiplicities are depicted in Scheme 2. The oxidation-state
assignments within these resonance structures are intrinsically
a valence-bond (VB) concept because the active electrons are
assigned to the localized metal and/or ligand orbitals. Owing to
extensive mixing of the Ru(dw) and NIL(7*) orbitals, the elec-

1 As NIL* can be formed by either oxidatively or reductively, it can be interpreted
as a cationic or anionic radical depending whether the precursor is NILRed or NILO%,
respectively. For the purpose of this review we use the term NIL* generically without
implying the redox process involved in its generation.

tronic state in a complex may have contributions from multiple
resonance forms. Moreover, it is important not only to distinguish
between electronic configurations in the (delocalized) molecular
orbital (MO) picture and those in the (localized) VB picture, but
to understand how electronic configurations of states in the MO
picture map onto those in the VB picture. Details of the VB and
MO pictures of the bonding in Class B complexes and their inter-
relationship are provided in Appendix. In the resonance forms in
Scheme 2, we are assigning up to two electrons to two localized
orbitals in various ways, yet most electronic structure calcula-
tions are based on configurations in the delocalized molecular
orbitals. Class A, Class B and Class C redox states all contain at
least two resonance forms, whereas Class D describes the unam-
biguous closed-shell singlet electron distribution Ru'-NILRed, Class
A species, although electron deficient, can be stabilized by an
appropriate choice of co-ligand [34-38]. In the VB picture, three
resonance structures correspond to the problematic Class B sin-
glet states; two closed-shell states (Ru'-NIL®* and Ru!V-NILRed)
and one open-shell state (Ru"-NIL*). The electronic configuration
giving rise to the open-shell singlet Ru'-NIL* species can also
lead to an open-shell triplet species, which has no resonance sta-
bilization owing to spin restrictions. There are also conceivable
cases where nearly degenerate singlet and triplet states could be
mixed by spin-orbit coupling arising from the heavy Ru center. The
Class B open-shell “anti-ferromagnetically coupled” singlet state
refers to the VB open-shell singlet resonance state, which cannot
be expressed in terms of a single electronic configuration when
electron spin is taken into account; it is not enough to specify that
the two electrons are in different localized fragment orbitals, one
has to specify how their spins are coupled. Ironically, but rigorous
algebraically, the proper description of this anti-ferromagnetically
coupled open-shell singlet state in the (delocalized) MO picture
involves only two closed-shell configurations: the closed-shell sin-
glet ground-state configuration and the configuration generated
by promotion of the pair of electrons in the m HOMO of the closed-
shell ground-state singlet configuration to the corresponding *
LUMO in a manner known as a generalized valence-bond con-
figuration interaction (GVB-CI). The open-shell MO singlet state
is energetically less favorable than the lower lying ferromagnet-
ically coupled triplet configuration [39], but the VB open-shell
singlet state can be a strong participant in the resonance stabiliza-
tion of the singlet ground state of a system through interaction
with the non-orthogonal VB Class B closed-shell Ru!'-NIL%* and
RuV-NILRed singlet states. It is possible that in systems of reduced
overlap and minimal delocalization across the metal-NIL frame-
work, the VB open-shell Class B singlet state may actually be the
dominant contributor to the (multiconfigurational) ground singlet
state. Sometimes calculations that neglect this resonance interac-
tion incorrectly predict the Class B triplet state (since there is only
one triplet state, it is the same state in both the VB and MO pictures)
to be the electronic ground state of the system [39]. There have been
numerous reports in the literature of Class B anti-ferromagnetically
coupled Ru-NIL* species, however, these assignments are often
ambiguous and reflect intermediate cases that contain substantial
(if not predominant) Ru''-NILO* character [39,40]. The Class C sys-
tems are typically less ambiguous than Class B even though there
exist two possible resonance forms (both of doublet multiplicity).
The Class C Ru'-NIL® is usually predominant, however, by careful
choice of ligand set the Ru"-NILRed resonance form can dominate
[41,42].

This review examines the electronic structure of Ru-NIL sys-
tems and the potential to modulate the electron distribution within
these complexes by altering both the ancillary ligands and the NIL.
Although the majority of complexes discussed here are studied
from a fundamental characterization point of view, these studies
are essential to understanding the few Ru-NIL systems that are
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Scheme 2. Oxidation states in the various resonance structures for Ru-NIL type complexes. The various redox states have been divided into four classes. Spin multiplicities
are indicated as leading superscripts in the oxidation state designations (For Class B systems, resonance is only spin-allowed for the singlet states. Formation of a Class B
system, via reduction of a Class A species or oxidation of a Class C species, can result in the singlet or triplet open-shell states depending on the co-ligands involved.), and

possible intersystem crossing between singlet and triplet states is indicated by “isc”.

active components in catalytic cycles. In an effort to remain con-
cise, this review is focused on systems containing one non-bridging
NIL per ruthenium center. For discussions of multi-metallic and/or
multi-NIL systems the reader is referred to the relevant literature
[43-53].

2. Characterization

Determining the electron distribution in Ru-NIL complexes
is often non-trivial and entails a variety of experimental and
theoretical studies performed in concert. Identification of the
electronic structure of Class B systems is especially challeng-
ing due to complications in distinguishing between open- and
closed-shell forms which involve spin-multiplicity constraints [39].
Identification of the contributing electronic configuration in a
system containing a single paramagnetic center (Class C) is gen-
erally less complicated. A variety of spectroscopic measurements
such as UV-vis, EPR, XPS, IR, Raman, along with electrochem-
ical experiments and X-ray crystallography studies can assist
in elucidating the electron distribution within a given system
[54,55].

2.1. X-ray crystallography

The C-C and C-E distances within the NIL are often employed
as a diagnostic tool for determining the NIL's oxidation state.
Bhattacharya et al. proposed the following table of bond lengths
(£0.01 A) for the three oxidation states of the NIL (Table 1) [56]. In
ruthenium chemistry, however, the use of X-ray crystallography as

Table 1
Average bond lengths (A) for NIL.
B
C;
Cy
~
E, )
C-E Ci-G
E=0 E=NR
NILOx 1.22 1.31 1.48
NIL® 1.30 1.35 1.43
NILRed 1.34 1.38 1.42

the sole method of determining electron distribution can often lead
to an erroneous assignment.?

2.2. Electrochemistry and electronic spectroscopy

The energy of the lowest spin-allowed MLCT transition of a
transition-metal complex can be related to the standard poten-
tial by the relationship humicr = AEg 4, +R (expressed in eV,
where ‘R’ represents the sum of a number of reorganization

energies and various solvation terms). The value of R is typ-

2 These averaged data are obviously influenced by the non-innocence of these
ligands, showing a longer C;-C, bond length in NILRed than is expected for an aro-
matic system (1.38-1.40A). Also, Wieghardt cites shorter C;-C, distance for the
phenylenediamine ligand of 1.40A [57].
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Fig. 1. Frontier molecular orbitals of Ru-NIL systems.

ically on the order of ca. 0.2-0.4eV [58-60]. The HOMO-1
or HOMO-2 orbitals may be involved in the optical transition
(as opposed to the HOMO for Eox), however, the energy dif-
ference is usually within that of ‘R’. Ruthenium polypyridyl
complexes typically display hvmicr — AEg 4, differences of ca.
0.2eV (i.e., within the approximated reorganization energy ‘R’).3
Class B Ru-NIL systems deviate from this type behavior [61]. For
example, the complex [Ru(CgH4NHNH)(bpy),]?* has a hvmicr —
AEp.q0x difference of 0.59eV emphasizing its departure from
the simplistic valence bond MLCT picture [62]. The occur-
rence of extensive Ru(dm)-NIL(7*) mixing in Class B Ru-NIL
species is usually characterized by intense low-energy bands
that appear to have little charge transfer character, i.e., they
only show weak solvatochromism, and whose resonance Raman
spectra show enhancement of only one metal-ligand vibration
[25,33,62-64]. Such complexes are also known to show parallel
slopes for Hammett plots of their first oxidation and reduction
potentials [25,65]. Collectively this behavior suggests a highly
delocalized Ru-NIL structure due to extensive mixing of the
Ru(dm) and NIL(7*) orbitals with substantial contributions of
both the (non-orthogonal) Ru"-NIL®* and Ru'-NIL* resonance
forms. These intense absorptions have been described as ML — ML
transitions? consistent with their large exchange integrals (ca.
7000cm~') which are closer to that of a ligand based m-m*
transition (8000-11000cm~!) than a pure d-w* MLCT transition
(<1000cm—1)[25,33,55,59,62].

The electronic spectra and redox chemistry of Ru-NIL com-
plexes can be explained by a simple molecular orbital diagram
as shown in Fig. 1 (coordinates are adopted from Ref. [2] where
the bonding t,; metal orbitals are classified as dxy, dyz and dy2_2)
[25,62,66]. Of greatest interest are the molecular orbitals derived
from the Ru(tyg), NIL(7) and NIL(7*) sets of orbitals, in particu-
lar the HOMO, HOMO-1, HOMO-2 and LUMO orbitals, as these are
responsible for the bands observed in the UV-vis-NIR regions of
the spectrum. The relative energies of these orbitals will deter-
mine the extent of ruthenium and NIL mixing and thus govern the
electronic properties of these systems. At this point it is impor-
tant to note that an understanding of the frontier orbitals of
such complexes will give a better understanding of their reac-
tivity. The filled Ru(tyg) set of orbitals (dxy, dyz and dy2_j2) is
split by interactions with both the NIL(7) and NIL(7*) orbitals.
Two of the Ru(tyg) orbitals (dyy and dy._»») are destabilized by

3 Strickly speaking, this equation is dimensionally incorrect because it should
be the free energies associated with the one-electron redox process, not the
redox potentials, that are compared to the MLCT transition energy. Since
AG Redox = —FAE°Redox, the equation should be hvyicr = —F(E°red — E°0x) + R (Where
F is Faraday’s constant), but we will follow tradition in this review.

4 The CT nature of this transition will vary greatly depending on the ligand set
in the complex. For the purpose of this review, the term MLCT is used, however, in
some cases this transition may be better described as ML — ML [25,33,55,59,62].

the filled NIL(7r) orbital and can give rise to two low energy,
HOMO — LUMO and (HOMO-1) — LUMO MLCT transitions (v; and
v, in Fig. 1, respectively). Note, however, these transitions are
only possible when the ligand is in the NIL°* (empty) or NIL*
(partially filled) oxidation state. Energy and symmetry permitting,
the co-ligand orbitals may also contribute to the HOMO orbital,
e.g., for [Ru(trpy)(NIL)(X)]™ there is a significant contribution to
the HOMO from the ligand X that increases with Lewis basic-
ity where X=0H, <OH~ <02 [39]. The remaining Ru(ty) orbital,
dyz, is stabilized by strong overlap with the NIL(7*) orbital giv-
ing rise to the (HOMO-2)— LUMO transition (v3 in Fig. 1), again
for NILO% and NIL® redox states only.” Due to the strong overlap of
the molecular orbitals which give rise to the (HOMO-2)— LUMO
transition, this absorption typically dominates the UV-vis spec-
tra of this class of compounds, and can be described as a MLCT
transition.*

Importantly, for a Class B system [cf., Scheme 2] the degree
of mixing between the HOMO-2 and LUMO orbitals will, to a
large extent, determine how much Ru-NIL* resonance character
this system will possess (of course, the co-ligands on the metal
and any substituents on the NIL will play a role in determin-
ing the energies of these orbitals). For many Class B systems, a
combination of experimental and theoretical methods have failed
to give a clear, unambiguous assignment of the localized oxi-
dation states of the metal and NIL fragments. In these cases,
however, the Ru(m)-NIL(T*) systems are so highly delocalized
that neither of the charge-localized representations adequately
conveys the true electronic structure, although one may show
predominance over the other. It is therefore very difficult to
assign definitive localized oxidation states for these Class B sys-
tems.

3. Synthesis

Redox reactions are ubiquitous in the preparation of M-NIL
complexes (Scheme 3). The oxidative substitution of benzo-
quinones to metal carbonyls is extensively utilized in M-NIL
chemistry [67]. Balch provides an excellent example of this
preparative method within Ru-NIL chemistry [68]. The treatment
of Ru(CO);(PPhs), with tetrachloroquinone affords the com-
plex Ru'(Cl4C0,)(CO),(PPhs), with the NIL in the catecholate
oxidation state. Alternatively, Ru''(Cl4Cg0,)(CO),(PPh3), can be
prepared by metathesis via the treatment of Ru(CO),(PPh3),Cl,
with deprotonated tetrachlorocatechol. The preparation of ben-
zoquinonediimine by the oxidative dimerization of two aniline
ligands represents an unconventional route to M-NIL systems
[69-72]. The ruthenium center plays dual roles in the coupling
reaction, it coordinates the two anilino ligands placing them in
close proximity and it supplies some of the necessary oxidizing
equivalents for the coupling. This method is implemented in the
preparation of Ru(CgH4NHNPh)(acac),, synthesized from Ru(acac)s
refluxed in neat aniline in air [70].

Redox reactions between the NIL and an ancillary ligand are
established in Ru-NIL chemistry. For example, treatment of the
metal hydride Ru(CO)(PPh3)3HCI with 3,5-di-tert-butylquinone
affords Ru(3,5-'Bu, CgH, 0, )(C1)(CO)(PPh3 ), along with the genera-
tion of 1/2 equiv of hydrogen gas [73]. The reduction of the quinone
to the semiquinone state is coupled with the formation of H,. This is
an intriguing example which highlights the potential Ru-NIL com-
plexes have for interacting with important substrates, even if only
stoichiometrically.

5 This is a very basic representation of the Ru-NIL interaction where splitting of
the tyg levels by ancillary ligands is neglected. The relative energies of the HOMO
and HOMO-2 orbitals can be reversed depending on the level of theory used [33].
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4. Ru(NIL)L,L’,
4.1. L=phosphine, L' = hydride

The majority of the complexes discussed in this review display
significant electron delocalization over the Ru and NIL fragments,
however, it is important to note that with a judicious choice
of co-ligands, localized electron distributions are attainable. The
complex Ru(CgH40,)(P'Pr3),(H), displays the longest C-O dis-
tances (1.350(6) and 1.348(6)A) and the shortest C;-C, distance
(1.406(6) A) tabulated in this review (Table 2) [74]. These values
are consistent with the catecholate ligand oxidation state, and
the complex is assigned Ru!V-NILRed, Our preliminary DFT calcula-
tions support the ground state assignment of Ru!V-NILRed with the
Rul'_NIL* and Ru"'-NILO* states higher in energy [75]. The complex
Ru(CgH40, )(PiPr3),(H), exhibits a distorted octahedral geometry
and the contribution from a single Class B electronic state is likely
due to minimal overlap between NIL(7*) and the Ru(tg) orbitals
(Fig. 2) [76].

Fig.2. Molecular structure of Ru(CsH403 )(P'Pr3 ) (H), omitting for clarity the hydro-
gen atoms attached to carbon atoms. This figure was reproduced from Ref. [74] with
permission of the copyright holders.

Treatment of RulV(CgH40,)(P'Pr3),(H), with CO liberates H,
concomitant with formation of the Ru!/(CgH40,)(P!Pr3)»(CO)s,.
The amidophenolate analog Ru(CgH4ONH)(P!Pr3),(H), heterolyt-
ically cleaves H, to form Ru(CgH4ONH, )(PiPr3),(H)3. The species
Ru(CgH4ONH)(PiPr3),(H), catalytically hydrogenates olefins in the
presence of H,. Although these complexes display reactivity with
interesting substrates, the NIL functions only as a redox inactive
co-ligand [74].

Class D complexes are generally considered to have the unam-
biguous electron distribution of Ru'-NILRed with contributions
from the Ru!-NIL* and Ru®-NIL®* resonance forms unlikely.
Examples of Class D complexes include Ru(CgH40;)(PMes)s,
Ru(CeH4NHNH)(PPh3)s, (NEt4)[Ru(Cl4Cs02)(CN)(CO),(PPh3)],
RU(C5H402 )(Pph3 )z(CO)z, and RU(BI‘4C602 )(Pph_a, )z(CO)z [77—80].

4.2. L' =carbonyl

The pioneering work by Balch provides an excellent exam-
ple of ligand localized redox transformations [68]. Treatment of
the complex Ru(BrsCgO;)(PPh3),(CO), with the oxidant AgPFg
affords [Ru(BrsCgO,)(PPh3),(C0O),|PFg (Scheme 4). The IR spec-
trum of [Ru(Br4CgO- )(PPh3),(CO), |PFg features CO bands at 2074
and 2023 cm™!, shifted from 2046 and 1994cm~! in the neu-
tral precursor. This small shift in CO frequency is consistent
with a ligand-based oxidation [81,82]. The EPR spectrum of
[Ru(Br4Cg05)(PPh3),(CO), |PFg displays little anisotropy at 77K
with g, and g values of 2.02 and 2.00, respectively (Table 3). Col-
lectively, the data is consistent with a Ru!!-NIL* assignment for the
oxidized species. The ligand-based redox reactivity is reversible;
reduction of [Rul!(NIL®)(PPh3),(CO),]PFs with zinc dust regener-
ates the Ru'(NILRed)(PPh3),(CO), complex.

4.3. L'=chloride

The isostructural Class B complexes Ru(NIL)(PPhs),Cl,
(NIL=3,5—tBU2C5H202, C5H4ONH, and C6H4NHNH) have
been reported [56,83,84]. The coordination sphere of the
Ru(NIL)(PPh3);Cl, complexes contains two Cl ligands and a
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Table 2
Selected bond distances (A) in Ru-NIL complexes.
E;
e
(AN
| Ru
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Complex Ru-E; Ru-E; Ci-E; Cy-Ep C1-GC, Ref.
Class B

Ru(CgH40,)(P'Pr3 )2(H), 2.027(3) 2.031(3) 1.348(6) 1.350(6) 1.406(6) [74]
Ru(3,5-*Bu, C¢H2 07 )(PPhs ), Cl, 1.995(3) 2.071(3) 1.298(6) 1.305(6) 1.432(6) [83]
Ru(C¢H4ONH)(PPh;3 ), Cl,? 2.003(2) 1.308(4) 1.431(7) [56]
Ru(CsH4ONH)(acac), 2.0452 1.9063 1.2914 1.3404 1.439 [34]
Ru(CsH4NHNH)(dppb)Cl, 2.103(2) 2.056(3) 1.349(4) 1.351(4) 1.436(4) [112]
Ru(C¢H4NHNH)(PPhs3 ), Cl, 1.979(3) 1.974(3) 1.322(4) 1.318(4) 1.431(5) [84]
Ru(CsH4NHNH)(NH3),Cl,2 1.969(3) 1.330(5) 1.457(7) [113]
Ru(CgH4NHNH)(acac),? 1.958(2) 1.320(3) 1.450(5) [114]
Ru(CsH4NHNPh)(acac), 1.958(5) 1.996(5) 1.333(8) 1.352(8) 1.441(9) [70]
Ru(C¢H4NHNPh)(NH,Ph),Cl, 1.940(4) 1.997(4) 1.319(7) 1.343(7) 1.440¢ [70]
[Ru(CgH4NHNH )(PPh3 ), (NCMe), |(PFs )22 2.011(3) 1.308(4) 1.457(5) [115]
[Ru(CeH4NHNH)(Mestacn)(OH,)](PFg ),? 1.998(3) 1.314(4) 1.446(7) [116]
[Ru(C¢H4NHNH)(Mestacn)I](PFs )? 1.991(3) 1.318(5) 1.445(8) [116]
[Ru(CsH4NHNH)(Mestacn)(Ns3)](PFs) 1.983(4) 1.991(4) 1.320(6) 1.321(6) 1.448(7) [116]
[Ru((CsH4NHNH)(PPh;3)(CO),Br)Br 2.07(2) 2.08(2) 1.26(2) 1.29(2) 1.51(2) [117]
[Ru(C¢H4NHNH)(bpy), ](PFs)2 2.038(7) 1.984(8) 1.340(12) 1.296(12) 1.431(13) [85]
[Ru(trpy)(3,5-'BuyCgH, 0, )(OH,)](Cl04 ), 1.968(3) 2.028(3) 1.293(5) 1.280(5) 1.466(6) [106]
[Ru(trpy)(CeH4ONH)CI]Cl04 1.942(8) 2.053(6) 1.270(11) 1.312(12) 1.433(13) [35]
[Ru(trpy)(4-‘BuCgH3ONH)(CI)](ClO, )P 2.072(11) 1.975(11 1.310(17) 1.341(19) 1.420(2) [100]
[Ru(trpy)(4,6-‘BuyCgH, ONPh)(NO)](PFg )2 1.965(2) 2.078(3) 1.324(4) 1.349(4) 1.441(5) [118]
[Ru(trpy)(4,6-'Buy CsH, ONPh)(OAC)](PFs) 2.015(6) 1.985(8) 1.281(10) 1.346(11) 1.468(13) [100]
[Ru(trpy)(CsH4NHNH)C1]ClO4 1.985(6) 1.991(7) 1.317(9) 1.316(9) 1.419(11) [35]
Ru(bbp)(CsH4NHNH)(NCMe) 1.980(5) 1.967(5) 1.328(8) 1.326(7) 1.450(8) [119]
Ru(bbp)(CsH4NHNH)(NH,CH; Me) 1.993(4) 1.997(4) 1.330(6) 1.341(6) 1.438(7) [119]
Class C

Ru(3,5-Bu,yCgH2 0, )(PPhs )2(CO)Cl 2.026(3) 2.145(3) 1.291(6) 1.296(6) 1.460(7) [73]
[Ru(3,5-'BuyCsH2 02 )(bpy)2 ]Cl04 2.030(8) 2.050(8) 1.289(14) 1.327(15) 1.445(18) [120]
Ru(trpy)(3,5-'BuyCsH2 0, )(OAC) 2.030(3) 2.019(3) 1.328(4) 1.324(4) 1.430(5) [106]
[Ru(trpy)(3,5-‘BuyCgH2 0, )(DMSO)]PFg 2.075(4) 2.039(3) 1.320(6) 1.315(6) 1.451(7) [121]
Ru(trpy)(3,5-'Bu, CsH, 0, )CIP 2.01(1) 2.03(1) 1.33(1) 1.30(2) 1.41(3) [97]
Ru(trpy)(CsH402)(OAC) 2.011(4) 2.064(4) 1.333(6) 1.334(6) 1.406¢ [97]
[Ru(trpy)(3,6-'BuyCsH2 0, )(CO)]|BF,4 2.052(5) 2.062(5) 1.301(8) 1.283(9) 1.43(1) [122]
[Ru(trpy)(3,5-'BuyCgH2 02 )(CO)]Cl04 2.075(3) 2.057(3) 1.299(4) 1.293(4) 1.451(5) [102]
[Ru(trpy)(4-ClCgH3 0, )(PPh3)](ClO4) 2.082(4) 2.092(4) 1.289(7) 1.304(7) 1.432(9) [96]
Class D

Ru(CgH40,)(PPh3 )>(CO),? 2.061(2) 1.347(4) 1.403(7) [79]
(NEt4)[Ru(Cl4Cs03 )(CN)(CO)2(PPhs)] 2.088(2) 2.077(2) 1.330(4) 1.314(4) 1.434(4) [77]
Ru(CsH40,)(PMes3)s 2.112(4) 2.130(4) 1.352(7) 1.329(7) 1.427(8) [80]
Ru(trpy)(4-ClCsH30,)(PPhs) 2.102(5) 2.120(6) 1.320(10) 1.343(9) 1.44(1) [96]
Ru(C¢H4NHNH)(PPh3 )3 2.05(1) 2.01(1) 1.39(2) 1.38(2) 1.43(2) [78]

For iminoquinone/iminosemiquione/amidophenolate systems E; =0 and E; =N.
@ Ligand lies on crystallographic twofold axis.
b Values for one isomer.

¢ The standard deviation of this distance was not reported in the CIF available at Cambridge Structural Database.

bidentate NIL in the equatorial plane with the phosphine ligands
occupying the remaining apical positions. The lability of the
chloride ligands in Ru(NIL)(PPh3),Cl, is established, and this
motif holds the potential to be a versatile precursor to more
catalytically interesting complexes [83]. The diamagnetic Ru(3,5-
tBu,CgH,0,)(PPh3),Cl, compound is described by the authors as
a spin-coupled Ru'-NIL* species [83]. The compound displays
C-O distances (1.298(6) and 1.305(6)A) and C;-C, distances
(1.432(6)A) which suggest a semiquinone oxidation state. The

Br PPh;
fo) CO
Br \Ru”/
Br o | >co
Br PPh;

electronic spectrum of Ru(3,5-'Bu,CgH,0;)(PPh3),Cl, displays
a weak absorption band at 509nm and a more intense band
at 700nm, the low-energy band often being associated with
complexes containing NIL* (Table 4). The related compound
Ru(CgH4ONH)(PPh3),Cl, is also assigned as Rul'l-NIL* based on
crystallographic studies [56]. The CgH4ONH ligand is bisected
by a twofold axis, forcing the unsymmetrical ligand to display
an averaged C-O and C-N distance. The distance of 1.308(4)A
corresponds to a NIL* state for C-O and a NIL%* for C-N. The elec-

Scheme 4.
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Table 3
EPR data of paramagnetic Ru-NIL complexes.
Complex g Temperature (K) Solvent Ref.
[Ru(bpy)s |3* 2.64,1.14 77 [123]
[Ru(acac)s] 2.45,2.16,1.45 77 [124]
[ClaCs02]~ 2.00527 [125]
[3,5-'Bu;CgH2 03]~ 2.0047 320 THF [126]
Class A
[Ru(C¢H4ONH)(acac), |* 2.2278,2.1468, 1.9232 110 MeCN [34]
[Ru(CeH4NHNH)(NH3 )4 ]>* 2.69,2.42,1.72 77 CH3CN:toluene (2:3) [36]
[Ru(4,5-(0Me),CeH,NHNH)(NH3 )4 ]?* 2.63-2.53, 1.67 77 CH3CN:toluene (2:3) [36]
[Ru(4,5-Cl,CeH,NHNH)(NH3 )4 >* 2.71,2.39,1.73 77 CH5CN:toluene (2:3) [36]
[Ru(trpy)(3,5-tBu, C¢H, ONH)CI]?* 2.011 77 MeCN [35]
[Ru(trpy)(3,5-‘Buy CeH, NHNH)CI]?* 2.014 77 MeCN [35]
Class B
Ru(NPh-bpa)(3,5-'Bu,CgH,0,) 2.060, 2.025 5 CH,Cl, [103]
Class C
[Ru(Cl4Cs0,)(CO)2(PPh3), ] 2.004 298 CH,Cl, [68]
[Ru(BrsCs03)(CO)2(PPhs ), ] 2.007 298 CH,Cl, [68]
2.00, 2.02 77 CH,Cl, [68]
Ru(3,5-'Bu,C¢H2 03 )(PPhs ), (CO)Cl 2.003 298 CH,Cl, [73]
Ru(Cl4Cs 0, )(PPhj3 ),(CO)C1 2.002 298 CH,Cl, [73]
Ru(Cl4Cs0; )(PPhs),(CO)H 2.006 298 CH,Cl, [73]
Ru(Cl4Cs0; )(CN)(CO)2(PPh3) 2.0018 294 CH,Cl, [77]
Ru(Cl4Cs 0, )(CN)(CO),(P(OPh)3) 2.0030 294 CH,Cl, [77]
[Ru(Cl4C0; )(NCMe)(CO),(PPhs)]* 2.0029 294 CH,Cl, [77]
[Ru(CsH402)(bpy)2|* 2.000 100 CH,CICH,Cl [66]
[Ru(3,5-BuyCgH2 0, )(bpy)2]* 2.003 298 CH,CICH,Cl [86]
1.985, 2.067 77 DMF [86]
Ru(4-(CH,CO3)CeH302)(NH3 )4 2.722,1.889 196 H,0:glycerol (1:1) [42]
[Ru(CeH402)(NH3)4]* 230 78 CH30H/H,0 [90]
[Ru(4-CO,HCsH30; )(NH3)4]* 2.08 78 HCI/CH30H/H,0 [90]
[Ru(4-CO2HCgH302)(NH3)4]* 2.30 78 CH30H/H,0 [90]
[Ru(C¢H4ONH)(bpy), ]* 2.000 100 CH,CICH,Cl [66]
[Ru(CsH4ONH)(acac)z ]~ 2.0922,2.0922, 1.8870 110 MeCN [34]
[Ru(4,6-'Bu, C¢H,ONPh)(bpy),2 1* 2.0049 298 CH,Cl, [38]
2.0393, 2.0022, 1.9728 5 CH,Cl, [38]
[Ru(CeH4NHNH)(bpy). ]* 1.997 100 2-Me-THF [66]
[Ru(trpy)(4-ClCsH3 0, )(PPhs)]* 2.00 RT CH,Cl, [96]
[Ru(trpy)(3,5-'BuyCsH2 02 )(NH3)]* 2.008 RT CH,Cl, [101]
[Ru(trpy)(3,6-‘BuyCgH20,)(CO)]* 2.00 4 CH,Cl, [122]
[Ru(trpy)(3,5-'Buy CsH, 0, )(CO)* 2.00 300 CH,Cl, [102]
Ru(trpy)(3,5-'Buy CsH2 0, )(OAC) 2.104, 2.042, 1.951 20 CH,Cly/MeOH (95:5) [41]
Ru(trpy)(4-*BuCsH30,)(0Ac) 2.175, 2.086, 1.910 20 CH,Cl,/MeOH (95:5) [41]
Ru(trpy)(4-ClCsH30;)(OACc) 2.229,2.116,1.871 20 CH,Cl,/MeOH (95:5) [41]
Ru(trpy)(3,5-Cl,CsH2 02 )(0AC) 2.226,2.121,1.862 20 CH,Cly/MeOH (95:5) [41]
Ru(trpy)(ClsCs 0, )(OAC) 2.242,2.097, 1.846 20 CH,Cl;/MeOH (95:5) [41]
Ru(trpy)(3,5-Bu;CeH, 0, )(Cl) 2.0 298 CH,Cl;:toluene (1:1) [98]
[Ru(trpy)(3,5-'Buy CsH, 0, )(DMSO)]* 2.00 293 CH,Cl, [123]
Ru(trpy)(3,5-'Buy CsH, ONH)Cl 2.0023 77 MeCN [35]
Ru(trpy)(3,5-Buy CgH2 NHNH)CI 2.0051 77 MeCN [35]
[RU(NHz—L)(3,5—tBUZCGH202)]* 2.015 193 CH,Cl, [104]
[Ru(NPh-bpa)(3,5-'Bu,CsH202)]~ 2.175, 2.105, 1.950 20 DME [103]

2 Anisotropic values are listed in the order g, g» g3 or g, g.

b Arange for g; and g, values was reported.

tronic spectrum of Ru(C¢H4ONH)(PPh3),Cl, displays a maximum
absorption band at 556 nm [56] indicative of a Ru"-NIL®¥ species.
Our preliminary DFT calculations predict a Ru!'-NIL°* ground
state in CH,Cl, solution with the triplet Ru!'-NIL* electronic state
1.5kcal/mol higher in energy. Our calculations suggest partic-
ipation of both the Ru"-NIL9* and Ru''-NIL* singlet resonance
structures in the ground state of Ru(CgH4ONH)(PPh3),Cl, [75].
The Ru(NIL)(PPhs3 ), Cl; systems highlight the difficulty in assigning
oxidation states for Class B compounds and the risk of assigning
oxidation states based on one characterization technique. Other
inconsistent assignments of Class B complexes appear in the
literature; Ru(CgH4ONH)(acac), is one recently addressed. The
complex was initially assigned as the Rul'-NIL* species based
on crystallographic studies, but subsequent DFT calculations
indicate contributions from both the Ru-NIL* and Ru!'-NIL%*
resonance forms [34,40]. Interestingly, the UV-vis spectra of

this Ru(CgH4ONH)(acac), and the one-electron-reduced Class C
species show Amax at 531 and 715 nm [34] suggesting Rul!-NJLO%
and Ru'-NIL* assignments, respectively.

4.4. Land L' =polypyridyl or amine

Heteroleptic ruthenium polypyridyl complexes containing NILs
have been investigated extensively for over 20 years. As these sys-
tems have been the subject of a number of review articles in the
past, their discussion here will be limited [25,29,30,33,44,55,62,63].
The first report of a ruthenium polypyridyl NIL complex was
that of Belser et al. [85]. A series of benzoquinonediimine com-
plexes were synthesized and the crystal structure of the Class
B complex [Ru(CgH4sNHNH)(bpy),]%* was determined, displaying
intermediate C-N distances of 1.296 and 1.340A indicative of an
electronic configuration somewhere between that of Ru/l-NILO%
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Table 4

Electronic Spectra for Ru-NIL complexes?.
Complex Wavelength in nm (¢, M~! cm~1) Solvent Ref.
Class A
[Ru(CgH4ONH)(acac), |* 400, 590 (6500) MeCN [34]
[Ru(trpy)(CgH4ONH)CIJ2* 232 (29400), 308 (19600), 324 (17400), 438 (4500), 475 (3900) MeCN [35]
[Ru(4,6-tBu,CsH, ONPh)(bpy); I3 309 (26100), 437 (8100), 504 (8100), 591 (sh) CH,Cl, [38]
[Ru(CgH4NHNH)(NH3 )43+ 220, 324, 416 (15136), 497 (1479), 800 0.1 M H3PO, [36]
[Ru(4,5-(0Me),CgHoNHNH)(NH3 )4 3+ 232, 322, 426 (14125), 524 (776) 0.1M H3PO,4 [36]
[Ru(4,5-Cl,CgH; NHNH)(NH; )4 |3 240, 338, 424 (14125), 510 (1318) 0.1 M H3PO,4 [36]
[Ru(CeH4NHNH)(edta)]~ 330 (< 3000), 458 (12000), 575 (sh) 0.1 M aq. CF3CO;Na [37]
[Ru(trpy)(CsH4NHNH)CIJ?* 232 (26300), 270 (17750), 282 (16330), 308 (15580), 327 (12070), 440 (5030), MeCN [35]

487 (6630)

Class B
Ru(3,5—tBUZCSH202 )(Pphg )zclz 509, 700 CHzclz [83]
[Ru(CsH40, )(bpy)a |2+ 299 (sh), 360 (7586), 391 (7586), 641 (13183) CH,CICH,Cl [66]
[Ru(3,5-'Bu,CgH, 0, )(bpy)2 |2 372 (7586), 400 (sh,7244), 669 (14125) CH,CICH,CI [86]
[Ru(Cl4Cs0; )(bpy)2 |2 381 (5370), 639 (11220) CH,CICH,CI [86]
[Ru(CsH402)(py)al** 333 (11482), 641 (5754) CH,CICH,Cl [66]
[Ru(4-‘BuCgH3 0, )(py)4]?* 360 (sh,4571), 380 (sh,3090), 673 (10471) CH,CICH,Cl [86]
[Ru(ClyCs02)(py)al?* 404 (br,3311), 623 (11482) CH,CICH,CI [86]
[Ru(CgH402)(NH3)4]?* 272 (6700), 360 (sh), 450 (sh), 515 (7600) H,0 (pH 7) [90]
[Ru(4-OMeCgH30, )(NH3 )42 270, 360 (sh), 441 (sh), 510 (8500) H,0 (pH 7) [90]
[Ru(4-C0O5CgH30,)(NH3)4]* 284, 360 (sh), 457 (sh), 519 (7600) H,0 (pH 7) [90]
[Ru(4-CO,CsH30,)(NH3 )4 ]* 286, 460, 520 H>0 (pH 7) [91]
[Ru(CsH40, )(edta)]>~ 263 (8000), 346 (1600), 532 (9100) H,0 (pH 10) [127]
[Ru(3,5-(S03),CeH, 0, )(edta)]4- 280 (7050), 295 (2100), 540 (6100) H,O (pH 10) [127]
[Ru(4-CO,CsH30, )(edta)]*~ 245 (7500), 270 (7500), 540 (7200) H,0 (pH 10) [127]
[Ru(CsH4ONH)(bpy)s ]2 366 (8511), 435, 488 (7586), 575 (12589) CH,CICH,Cl [66]
[Ru(4,6-tBu,CsH, ONPh)(bpy); |2 281 (31100), 411 (5800), 595 (13400) CH,Cl, [38]
Ru(CsH4ONH)(PPh;3 ), Cl, 232 (86500), 288 (54500), 348 (8000), 466 (5700), 556 (5900) CH,Cl, [56]
Ru(CgH4ONH)(acac), 350, 420, 531 (8050) MeCN [34]
[Ru(CsH4NHNH)(Mestacn)I]* 260 (11400), 393 (38000), 530 (9100), 891 (80) MeCN [116]
[Ru(CgH4NHNH)(Mestacn)(Ns)]* 260 (8800), 357 (1900), 516 (10000), 889 (80) MeCN [116]
[Ru(CgH4NHNH)(Mestacn)(OH, ) |2+ 256 (14600), 504 (16 000), 888 (100) H,0 [116]
[Ru(CsH4NHNH)(Mestacn)(NCMe)]?* 245 (22000), 509 (15000), 830 (180) MeCN [116]
[Ru(CgH4NHNH)(bpy), |* 242 (4571), 281 (40738), 324 (sh), 445 (sh, 7762), 515 (21878), 755 (661) CH5CN [65,66]
[Ru(4,5-OMe), CgHoNHNH](bpy)2 [+ 285, 436 (7079), 531 (30903), 667 (251) CH5CN [65]
[Ru(CsH4NHNH)(edta)]>~ 255 (< 10000), 480 (12000) 0.1 M aq. CF;CO;Na [37]
[Ru(4,5-Me; C¢Ho NHNH)(bpy); |2 282, 450 (7943), 521 (25119), 730 (214) CH;CN [65]
[Ru(4,5-Me, CsH, NHNH)(bpy) |+ 351 (8511), 444 (sh), 457 (8511), 504 (10471), 524 (sh), 620 (10471) CH3CN [65]
[Ru(4,5-(NH; ),CsH; NHNH)(bpy), |2 289, 474 (10965), 552 (37153), 641 (sh) CH;CN [65]
[Ru(4,5-(NH3 ),CsHo NHNH)(bpy)2 |+ 390 (5370), 508 (20893), 905 (229) Conc. H,S04 [65]
[Ru(4,5-(NH3 )(NH; )CsHoNHNH)(bpy), |3 442 (7079), 532 (26915), 727 (457) 3M HCl [65]
[Ru(4,5-Cl,CgH,NHNH)(bpy), |2 280 (41687), 421 (5623), 525 (25119), 791 (117) CH;CN [65]
[Ru(4-NO,CgHsNHNH)(bpy), |2+ 279 (37154), 416 (7943), 527 (20417), 851 (309) CH;CN [65]
[Ru(CgH4NHNH)(py)4 > 239 (27542), 289 (sh,10715), 313 (11749), 535 (13804) CH,CICH,CI [66]
[Ru(CgH4NHNH)(NH3 )42+ 196, 258 (9772), 470 (10233), 965 0.1 M H3PO, [36]
[Ru(4,5-(0OMe), C¢Ho NHNH)(NH3 )4 ]2 200, 260 (10715), 498 (10000), 893 0.1M H3PO, [36]
[Ru(4,5-Cl,CgH; NHNH)(NH; )4 ]2+ 210, 274 (9772), 478 (11220), 1031 0.1 M H3POy4 [36]
Ru(CsH4NHNH)(NH3 ),Cl, 262 (8100), 317sh, 500 (10000), 917 (52), 1020 sh H,0 [113]
Ru(CsH4NHNPh)(bpy)Cl, 240 (16950), 290 (19560), 540 (11690), 830 (140), 1065 (90) MeCN [128]
Ru(C¢H4NHNPh)(NH,Ph),Cl, 365 (2650), 492 (6840), 585 (2070) CH,Cl, [71]
Ru(CsH4NHNH)(acac), 265 (16980), 300 (7080), 500 (6760), 950 (60) MeCN [114]
Ru(C¢H4NHNPh)(acac), 275 (24550), 320 (10720), 519 (19050), 1025 (90) MeCN [114]
[Ru(trpy)(3,5-Bu, CgH, 05 )(NH3 )2 615 (13000) CH,Cl, [101]
[Ru(trpy)(CsH405 )(OAC)]* 212 (20000) 324 (14800), 556 (14100) Acetone [97]
[Ru(trpy)(3,5-'Bu,CgH, 05 )(OAC)]* 214 (22000), 326 (15800), 584 (16900) Acetone [97]
[Ru(trpy)(3,5-tBu, CgH, 05 )CIJ* 212 (20000) 328 (14500), 592 (15500) Acetone [97]
[Ru(trpy)(3,5-tBu, CgH, 05 )(OH, ) |2 600 (16800) CH,Cl, [106,129]
[Ru(trpy)(3,5-'BuyCgH, 0, )(OH)]* 576 (16700) CH,Cl, [129]
[Ru(trpy)(4-ClCgH30, )(OH,)J?* 567 (5600) CH.Cl, [106]
[Ru(trpy)(CgH4ONH)CI]* 232 (35280), 270 (24910), 311 (24630), 459 (8200), 483 (10400), 556 (19790) MeCN [35]
[Ru(trpy)(CeH4ONH)CI]* 552 (15600) Acetone [100]
[Ru(trpy)(4-'BuCsH3 ONH)CI]* 567 (15500) Acetone [100]
[Ru(trpy)(4-'‘BuCsH3 ONH)(OAC)]|* 565 (16900) Acetone [100]
[Ru(trpy)(5-MeCgH3ONH)(OAC)[* 557 (17600) Acetone [100]
[Ru(trpy)(4-MeCsH3ONH)(OAC)[* 566 (16100) Acetone [100]
[Ru(trpy)(CsH4ONH)(OACc)]* 553 (17000) Acetone [100]
[Ru(trpy)(5-ClC¢H3ONH)(OAC)[* 553 (18300) Acetone [100]
[Ru(trpy)(4-ClC¢H3ONH)(OAC)|* 559 (15100) Acetone [100]
[Ru(trpy)(4,6-'Buy CsH, ONPh)(OAC)* 568 (19200) Acetone [100]
[Ru(trpy)(4,6-tBu, C¢H3 ON(2-CF3Ph)(OAc)]* 562 (17300) Acetone [100]
[Ru(trpy)(4,6-'Bu,CsH, ONPh)CI]* 237 (44246), 270 (34080), 315 (29940), 570 (24092) CHCl, [118]
[Ru(trpy)(CsH4NHNH)CI]* 232 (28000), 274 (21000), 280 sh (20000), 316 (22000), 506 (16000) H,0 [99]
[Ru(trpy)(CsH4NHNH)CI]* 208 (28930), 234 (22690), 269 (18330), 280 (16190), 311 (17210), 509 (15670) MeCN [35]
[Ru(trpy)(CsH4NHNH)(OH, )J?* 234 (29000), 272 (22000), 280 (22000), 314 (21000), 496 (24000) H,0 [99]
Ru(bbp)(CsHsNHNH)(NCMe) 339 (9548), 518 (4816) MeCN [119]
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Table 4 (Continued )
Complex Wavelength in nm (¢, M~ cm1) Solvent Ref.
Ru(bbp)(CsH4NHNH)(NH,CH, Me) 248 (39429), 319 (12960), 508 (3988) MeCN [119]
[Ru(NH;-L)(3,5-'Bu, CgH,0,)]** 618 (7890) CH,Cl, [104]
Ru(NPh-bpa)(3,5-'Bu;CsH,03) 366 (6620), 638 (5210), 906 (5060) CH,Cl, [103]
[Ru(NHPh-bpa)(3,5-'BuyCsH202)]* 370 (4980), 558 (5070), 872 (9450), 1172 (4470) CH,Cl, [103]
[Ruz(btpyxa)(B,G—‘BuzCGHZOZ )2(Cl)2]2+ 598 (19300) CH,Cl, [130]
[Ruz(btpyan)(3.6—‘BuzC6H202 )2(01‘[)2]2+ 576 (5700) MeOH [23]
Ruz(btpyan)(B,G—tBuzCGH202 )2(0)2 850 MeOH [23]
Class C
[Ru(Cl4Cs03 )(PPh3),(CO), 1 368 sh (3200), 425 (3400), 480 (3200), 580 sh (2300) CH,Cl, [68]
[Ru(BrsCs03 )(PPhs3)>(CO), ] 335 sh (5700), 385 (4300), 415 (4200), 518 (4500), 595 (4100) CH,Cl, [68]
Ru(Cl4Cs0; )(PPh3),(CO)H 230 (49020), 272 (23455), 336 (4190), 368 (3830), 496 (sh) (1135), 610 (2180), CH,Cl, [73]
754 (2790), 1060 (1260)
Ru(Cl4Cs03 )(PPhs),(CO)Cl 230 (45030), 370 (3630), 502 (sh) (1240), 608 (2150), 674 (2120), 744 (2425), CH,Cl, [73]
934 (940), 1058 (940)
Ru(3,5-'Bu, CgH, 0, )(PPhs ),(CO)CI 238 (28890), 256 (23590), 502 (1985), 642 (2390), 878 (820), 1002 (615) CH,Cl, [73]
[Ru(CsH402)(bpy)2|* 344 (8913), 493 (2512), 515 (sh), 580 (sh), 889 (13490) CH,CICH,Cl [86]
[Ru(Cl4Cs03 )(bpy )21 336 (sh), 450 (br,5495), 519 (sh), 939 (15849) CH,CICH,Cl [86]
[Ru(3,5-'Bu,CeH, 0, )(bpy)2 |* 348 (13490), 494 (9120), 525 (sh), 601 (sh), 844 (15488), 1198 (741) CH,CICH,Cl [86]
[Ru(CsH402)(py)al* 244 (13490), 358 (13183), 556, 943 (8913) CH,CICH,Cl [66]
[Ru(4-'BuCeH30; )(py)a]* 320 (sh,7762), 374 (14125), 926 (11481), 1149 (sh,741) CH,CICH,Cl [86]
[Ru(Cl4Cs02 )(py)al* 327(16982),976 (10715) CH,CICH,Cl [86]
Ru(4-CO,CsH30,)(NH3 )4 213 (24100), 266 (9300), 295 (8200), 665 (2800) H,0 (pH 7) [91,95]
[Ru(4-C;H4NH;CgH3 03 )(NH3)4]* 280 (3162), 319 (676), 429 (398), 680 (1047) H,0 (pH 7) [91]
[Ru(4-CH(OH)CH,NH,CsH3 02 )(NH3 )4 ]* 290 (3548), 360 (2630), 672 (1995) H,0 (pH 7) [91]
[Ru(4-CH(OH)CH;NHCH(CH3);CsH302)(NH3 )4 ]* 289 (4266), 330 (2089), 423 (631), 666 (2188) H,0 (pH 7) [91]
[Ru(4-OMeCgH30; )(NH3)4]* 212 (18200), 278 (sh), 690 (2900) H,0 (pH 7) [90]
[Ru(CsH40;)(edta)]?>~ 244 (6400), 284 (5100), 420 (650), 680 (2100) H,0 (pH 10) [127]
[Ru(4-C;H4NH, CgH3 0, )(edta)|*~ 416 (550), 684 (2300) H,O0 (pH 10) [94]
[Ru(4-C0O,CsH30, )(edta)]*~ 240 (9600), 300 (6400), 400 (860), 668 (2100) H,0 (pH 10) [127]
[Ru(3,5-(S03),CeH, 0, )(edta)]>~ 245 (7200), 310 (5300), 388 (1500), 640 (2200) H,0 (pH 10) [127]
[Ru(4-C,H4(CO2H)NH, CgH3 0, )(edta)]*~ 420 (600), 684 (2000) H,O0 (pH 10) [94]
[Ru(CsH4ONH)(bpy), ]* 350 (10000), 382 (9772), 495 (8511), 524 (8913), 680 (10000), 820 (sh,1259) CH,CICH,Cl [66]
[Ru(4,6-*Bu, C¢H,ONPh)(bpy),2 ]* 294 (36000), 350 (9500), 376 (sh), 496 (6300), 686 (7400) CH,Cl, [38]
[Ru(C¢H4ONH)(acac)z ]~ 375(7220), 415 (6670), 715 (5350), MeCN [34]
[Ru(CsH4NHNH)(bpy), ]* 349 (8128), 435 (7586), 454 (sh), 496 (9120), 535 (sh), 625 (11220), 939 (1047) CH5CN [65,66]
[Ru(4,5-(0OMe),CsH,NHNH)(bpy), ] 338, 357 (sh), 455, 476, 513, 524 (sh), 615 CH;CN [65]
[Ru(4,5-Cl,C¢H2NHNH)(bpy )2 |* 321 (sh), 476 (11749), 651 (14454), 813 CH;CN [65]
[Ru(4-NO,CsH3NHNH)(bpy). | 303 (sh), 413 (sh), 455 (11749), 649 (17378), 808 CH;CN [65]
[Ru(CeH4NHNH)(py)4]* 393 (14454), 535, 660 (10471) CH,CICH,Cl [66]
[Ru(trpy)(4-ClC¢H3 0, )(PPhs)]* 274 (21700), 313 (25900), 479 (4270), 832 (10000) CH,Cl, [96]
[Ru(trpy)(3,5-'BuyCgH2 02 )(NH3)[* 854 (13000) CH,Cl, [101]
[Ru(trpy)(3,6-'Buy CsH2 0, )(CO)|* 388, 625 CH,Cl, [122]
[Ru(trpy)(3,5-'Buy CsH2 0, )(CO)]* 284 (2540), 310 (2250), 274 (2330), 324 (2580), 396 (3430), 644 (4390) CH,Cl, [102]
Ru(trpy)(3,5-BuyCgH2 0, )(OAC) 214 (40700), 317 (24000), 370 (5400), 576 (3300), 883 (18600) CH,Cl, [41,106]
Ru(trpy)(CeH407)(OAC) 225 (31600), 279 (24000), 316 (22900), 371 (5400), 534 (3500), 878 (15100) CH,Cl, [97]
Ru(trpy)(4-NO,CgH3 05 )(OACc) 225 (26900), 277 (20400), 317 (19500), 371 (7600), 506 (4400), 829 (8300), CH,Cl, [97]
855 (8100)
Ru(trpy)(4-'BuCsH3 03 )(OAC) 897 (15300) CH,Cl, [41]
Ru(trpy)(4-ClCsH3 0, )(0Ac) 890 (15200) CH,Cl, [41]
Ru(trpy)(3,5-Cl,CsH2 02 )(0AC) 885 (14100) CH,Cl, [41]
Ru(trpy)(Cl4Cs 02 )(OAC) 226 (50100), 277 (25700), 315 (24500), 511 (3200), 849 (11500), 884 (11700) CH,Cl, [41,97]
Ru(trpy)(3,5-'Buy CsH,0,)Cl 240 (27200), 272 (17900), 282 (20200), 320 (20700), 372 (5300), 404 (3900), CH,Cl, [98]
546 (3500), 586 (3600), 875 (16900)
Ru(trpy)(CsH4ONH)Cl 235 (47020), 277 (28090), 311 (29460), 399 (7920), 537 (5980), 702 (15380) MeCN [35]
Ru(trpy)(CeH4NHNH)CI 204 (27000), 243 (20400), 309 (9020), 328 (5930), 477 (5140), 516 (4580), 718 MeCN [35]
(2530)
[Ru(NH,-L)(3,5-'Bu,C¢H202)]* 888 CH,Cl, [104]
[Ru(NPh-bpa)(3,5-BuyCgH20,)]~ 324(11100), 432 (8470), 560 (7140), 886 (6540) DME [103]
Class D
Ru(CsH40,)(PPhs3 ),(CO), 482 (2000) CH,Cl, [79]
Ru(Cl4Cs0; )(PPh3);(CO), 340 sh (4000), 440 (2700) CH,Cl, [68]
Ru(BrsCs03 )(PPhs3)(CO), 330 sh (4900), 440 (3100) CH,Cl, [68]
Ru(CsH40,)(bpy)2 333(9333), 380 (9120), 406 - 480, 617 (8511), 730 (br,3981) CH,CICH,Cl [66,86]
Ru(Cl4Cs0; )(bpy)2 366 (10715), 400 - 460, 592 (7586), 680 (br,3890) CH,CICH,Cl [86]
Ru(3,5-'Bu, C¢H2 02 )(bpy)2 380 (12589), 400 - 500, 639 (10000), 769 (6607) CH,CICH,Cl [86]
Ru(CsH402)(py)a 340 (8128), 394 (11749), 461 (14125), 521 (sh) CH,CICH,Cl [66]
Ru(4-'BuCsH302)(py)a 344 (7943), 410 (12303), 484 (13490), 580 (4677) CH,CICH,Cl [86]
Ru(Cl4Cs03)(pY)a 338(8710), 388 (15488), 446 (20893) CH,CICH,Cl [86]
[Ru(4-CO,CsH302)(NH3)4]~ 265 (12800), 284 (12600) H,0 (pH 7) [90]
Ru(4-CO,HCgH30,)(NH3)4 212 (24100), 297 (8200), 658 (2800) H,0 (pH 7) [90]
Ru(CgH402)(NH3)4 265 (6700), 326 (sh) H,0 (pH 7) [90]
Ru(4-OMeCgH30; )(NH3)4 <250 H,0 (pH 7) [90]
Ru(4,6-'Bu, C¢H, ONPh)(bpy )2 295 (35600), 374 (9800), 423 (sh), 531 (7000), 607 (sh) CH,Cl, [38]
Ru(4,5-Me; C¢H,NHNH )(bpy), 356, 535 CH3CN [65]
Ru(4,5-Cl,C¢H2NHNH)(bpy )2 373,541 CH5CN [65]
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Table 4 (Continued )

Complex Wavelength in nm (¢, M~ cm~1) Solvent Ref.
Ru(4-NO,CsHsNHNH)(bpy)s 366,529, 715, 769 CH5CN [65]
Ru(trpy)(4-CICsH3 0, )(PPh3) 280(22200), 314 (27100), 523 (5250) CH,Cl, [96]
Ru(trpy)(3,6-'Bu; CsH2 0, )(CO) 453 CH,Cl, [122]
Ru(trpy)(3,5-'Bu; CsH,0,)(CO) 438 CH,Cl, [102]
[Ru(trpy)(CsH4ONH)CI]- 311 (29020), 436 (14650), 521 (11720), 615 (12020) MeCN [35]
[Ru(trpy)(CsH4NHNH)CI]- 262 (29940), 325 (11860), 439 (8840) 475 (7580), 523 (5740), 596 (4180) MeCN (35]

3 Molar absorptivities are listed as reported, even though we believe the significant digits are overestimated.

and Ru-NIL* [85]. This species was later investigated by Masui
et al. in greater detail and assigned as Ru''-NIL%* where its distinc-
tive and intense electronic transition at 515nm (21900M~!cm~1)
was reported to show very weak charge transfer behavior [66].
The origin of this intense absorption has since been assigned
to a ML— ML transition? (cf,, v3 in Fig. 1) [25,33,55,59,62]. The
Ru(dmr) orbital is strongly stabilized by efficient backbonding onto
the NIL(w") system resulting in the LUMO orbital having appre-
ciable metal character. As the Ru(d) levels are stabilized by
Tr-backdonation to the NIL(7*) orbitals, the degree of mixing with
the filled NIL(1r) levels increases. Thus the synergistic nature of both
the Ru(dm)-NIL(7*) and Ru(d)-NIL(1r) interactions reduces the
charge transfer character of the transition via extensive delocal-
ization of electron density over the metal-ligand framework. Two
benzoquinonediimine based reductions were observed at poten-
tials of —0.47 and —1.15V vs. SCE and were assigned to formation
of the Ru""-NIL* (Class C) and Ru!-NILRed (Class D) species, respec-
tively (Fig. 3).

A series of ruthenium pyridyl and polypyridyl complexes with
dioxolene co-ligands was reported by Haga et al. [86] where
by using bulk electrolysis the complexes were studied in three
different redox states, thus allowing a direct comparison of
Class B, Class C and Class D systems [86]. The Rull-NJL*/Red
redox couple displayed an anodic shift of +0.20 and +0.35V
(Table 5 ) on going from Ru(Cl4Cg0;)(bpy), to Ru(CgH40, )(bpy),
to Ru(3,5-'BuyCgH,0,)(bpy)z. The EPR spectrum of the oxidized
Class C species [Ru(3,5-'Bu,CgH,0,)(bpy)2]* was consistent with
a predominant contribution from the Rul'-NIL* resonance form
(Table 3). The bond distances measured by X-ray crystallography
are mostly consistent with this hypothesis, however, the C-0 bond
lengths of 1.289(14) and 1.327(15)A are ambiguous, suggesting
contributions from both Ru!!-NIL* and Ru''-NILRed, respectively.
The NIL9*/* and NIL*/Red reduction potentials displayed a linear
dependence on the Hammett ¥o parameters. Oxidation at poten-

I

Arbitrary Current

2 1 0 -1 2
Potential (Volts vs SCE)

Fig. 3. Cyclic voltammogram of [Ru(C¢H4sNHNH)(bpy),|?* displaying the five inde-
pendent redox couples for this species (I) Ru™", (I1) NILO%/*, (11I) NIL*/Red (V) bpy?/®,
(V) bpy’®”. This figure was reproduced from Ref. [65] with permission of the copy-
right holders.

tials >1.5V vs. SCE for these Ru(NIL)(bpy), systems resulted in
irreversible formation of the Class A Rul!-NILO* species consistent
with there being only a few reports of such complexes isolated to
date [34-38].

The LUMO orbital, a mixture of Ru(dm) and NIL(7*), increases
in energy in the order NIL®<NILO* [87,88] a result that is con-
sistent with the large blue shift observed for the low-energy
intense transition on going from Class C to Class B systems, e.g.,
[Ru(3,5-'BuzCsH20,)(bpy)2]* and [Ru(3,5-'BuyCsH20,)(bpy)a |2
display absorption maxima at 889 (13500M~! cm~!) and 641
(13200M-! cm~1!) respectively (Table 4) [86]. For the Class
C species this transition decreases in energy as the acceptor
strength of the NIL® increases with [Ru(3,5-'Bu,CgH,0;)(bpy),]*
(844nm; 15500M-'cm~1)>[Ru(CgH40,)(bpy)>]* (889 nm;
13500 M~ cm~1)>[Ru(ClyCs0, )(bpy)a|* (939 nm;
15900M-'cm~1!). The opposite trend, however, is observed
for the Class B systems with [Ru(3,5-'BuyCgH,0,)(bpy)2]%*
(669nm; 14100M-!'cm~1)<[Ru(CgH40,)(bpy),]?** (641 nm;
13300M~' cm~1)<[Ru(Cl4Cs0,)(bpy)2 1% (639 nm;
11200 M~1 cm~1). This has been explained by the greater exchange
integral and w-acceptor character of the NILOX oxidation state of
the ligand which stabilizes the Ru(dar) orbitals significantly, thus
increasing the transition energy and its associated reorganization
energy relative to the Class C system [59,86].

In a series of [Ru(NIL)(bpy);]® and [Ru(NIL)(py)4]* systems
investigated by Masui et al. (NIL=CgH4NHNH, CsH4NHO, CgH40;;
n=0, 1+ or 2+), it was observed that the low-energy absorption
blue shifts for Class B and Class C systems with the transi-
tion energy increasing in the order 0-O<NH-O<NH-NH (Fig. 4)
[25,66]. Although the Ru(d) orbitals should be destabilized with
decreased backdonation onto the NIL(7*) ligand in the order
NH-NH<NH-0< 0.0, the interaction of the Ru(dm) orbitals with
the filled NIL(7) orbitals increases with the number of nitrogen
atoms, thus resulting in a greater net stabilization [33,66]. EPR and
XPS studies indicate a predominance of the Rull-NIL* resonance
form for the Class C species whereas the Class B systems to lie
somewhere in between the Ru'-NIL* and Ru"-NIL* resonance
structures.

< 25 "
£ '
Q . ',"'..
T 20 NHNH /¢
<) H
g ' NH.O
| v
;I 15 ,‘ .:l l
=) p i
T 10 /
2
]
[ = -~
£ | T/ N el
£ ob— 1+ eeeeicccccseccccsesi

400 600 800
Wavelength nm

Fig. 4. The electronic spectra of Class B systems [Ru(NIL)(bpy);]** where
NIL=CgH40,, CsH4NHO, CsH4NHNH recorded in CH,CICH,Cl (O-O and NH-O) and
acetonitrile (NH-NH). This figure was reproduced from Ref. [25] with permission of
the copyright holders.
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Table 5
Electrochemical data for Ru-NIL complexes.
Complex Eij2 Ei2 Ei2 Ei2 Ei2 Solvent Counterelectrolyte Ref.
Class B
[Ru(4-CO,CsH302)(NH3)4]* 0.54 —0.86 SCE MeCN H3PO4 [36]
Ru(3,5-Bu, CgH2 07 )(PPhs ), Cly 0.297 -0.775 Fc/Fc* MeCN TBACIO4 [83]
Ru(CsH4ONH)(PPh3),Cl, 0.66 -0.55 SCE CH,Cl, TBACIO4 [56]
Ru(CsH4ONH)(acac), 037 —0.96 SCE MeCN TBACIO4 [34]
Ru(CsH4NHNPh)(bpy)Cl, 0.58 -0.92 -13 -2.42 SCE MeCN TBACIO4 [128]
Ru(CsH4NHNPh)(NH,Ph),Cl, 0.60 -0.732 SCE MeCN TBACIO4 [71]
Ru(CgH4NHNH )(NH3),Cl, 0.47 —0.962 NHE DMF TBAPFs [113]
[Ru(CsH4NHNH)(Mestacn)(NCMe)]?* 0.84 -1.02 -1.80 Fc/Fc* MeCN TBAPFg [116]
[Ru(CeH4NHNH)(Mestacn)I]* 0.37 -1.312 Fc/Fc* MeCN TBAPFg [116]
[Ru(CgH4NHNH )(Mestacn)(N3)]* 0.17 -1.33 —2.312 Fc/Fc* MeCN TBAPFs [116]
[Ru(CsH4NHNH)(bpy )2 ]** 1.35 -0.47 -1.15 -1.722 -1.962 SCE MeCN TBAPFs [66]
1.37 -0.45 -1.13 -1.700  -1.94° SCE MeCN TBAPFg [65]
[Ru(4,5-(0Me), CsHNHNH)(bpy), ]** 1.15 -0.73 -1.26 -1.74 -1.86 SCE MeCN TBAPFs [65]
[Ru(4,5-Me, CsH,NHNH)(bpy), 12 1.32 —-0.56 -1.21 -1.71 -1.94*  SCE MeCN TBAPF [65]
[Ru(4-ClCgHaNHNH)(bpy)2 |?* 1.50° -0.28 -0.96 -1.75 -2.19 SCE MeCN TBAPFg [65]
[Ru(4,5-(NH; ), CsHoNHNH)(bpy), |2+ 0.83 -0.942 -1.43 -1.78 -2.01 SCE MeCN TBAPFg [65]
[Ru(4-NO»CsHaNHNH)(bpy), |2+ 1.57 0.08 -0.69 -1.62 —-1.86 SCE MeCN TBAPFs [65]
[Ru(CsH4NHNH)(py )4 ]** 1.332 -0.48 -1.24 SCE MeCN TBAPFg [66]
[Ru(CsH4NHNH)(NH3 )4 > 0.65 —-0.73> SCE MeCN H3PO4 [36]
[Ru(4,5-(0Me), CsHoNHNH)(NH3 )4 ]?* 0.32 —0.40P SCE MeCN H3PO4 [36]
[Ru(CsH4NHNH)(edta)]>~ 0.74 —0.47° NHE H,0 (pH 4.7) NaTFA [37]
Ru(CsH4NHNPh)(acac); 1.60° 0.41 -1.05 -2.042 SCE MeCN TBACIO4 [114]
Ru(C¢H4NHNH)(acac), 1.56° 0.38 -1.13 2.10° SCE MeCN TBACIO4 [114]
[Ru(trpy)(3,5-tBu,CgH, 0, )(OH, ) [>* 0.31 -0.47 SCE CH,Cl, TBACIO,4 [101,106]
[Ru(trpy)(4-ClCgH30,)(OH,)]** 0.60 -0.14 SCE CH,Cl, TBACIO4 [106]
[Ru(trpy)(CsH4ONH)CI]* 1.45 1.26 -0.26 -1.07 -1.79 SCE MeCN TBACIO4 [35]
[Ru(trpy)(CeH4ONH)CI]* 1.41 1.17 -0.21 -1.02 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(4-'BuCsH3ONH)CI]* 1.38 1.19 -0.27 -1.05 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(4-‘BuCsH3 ONH)(OAC)]* 1.28 1.13 -0.23 -1.01 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(5-MeCsH3ONH)(OACc)]* 1.26 1.14 -0.22 -0.86 Ag/AgCl acetone TBAPFs [100]
[Ru(trpy)(4-MeCsH3ONH)(OAC)]* 1.26 1.14 -0.21 -1.01 Ag/AgCl acetone TBAPFs [100]
[Ru(trpy)(CsH4ONH)(OACc)]* 1.15 -0.17 -0.98 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(5-ClC¢H3ONH)(OAC)|* 1.26 -0.07 -0.89 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(4-ClCsH3ONH)(OAC)[* 1.38 —-0.06 -0.89 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(4,6-Bu, C¢H, ONPh)(OAC)]* 1.45 1.27 -0.19 -1.02 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(4,6-‘BuyCgH3 ON(2-CF3Ph)(OAC)]* 1.50 1.38 -0.14 -1.02 Ag/AgCl acetone TBAPFg [100]
[Ru(trpy)(Cs H4NHNH)CI]* 0.94 1.32 -0.54 -0.70 -1.27 SCE MeCN TBACIO4 [35]
[Ru(trpy)(CeH4NHNH)CI]* 0.96 Ag/AgCl MeCN TBAPFg [99]
[Ru(trpy)(CsH4NHNH)(NCMe)]?* 1.42 Ag/AgCl MeCN TBAPFg [99]
[Ru(NH,-L)(3,5-'BuyCsH0,)]?* 0.20 -0.77 SCE CH,Cl, TBAPFg [104]
Ru(NPh-bpa)(3,5-*BuyCsH20;) 0.722 -0.37 -1.18 SCE DME TBACIO4 [103]
[Ruy(btpyan)(3,6-tBu, CsHz 03 )2(OH), |2+ 0.43 0.35 -0.47 -0.56 Ag/AgCl MeOH [22,23]
Ruy(btpyan)(3,6-‘BuyCgH202)2(0)2 0.30 0.40 -0.43 -0.68 Ag/AgCl MeOH [22,23]
[Ruz(btpyxa)(3,6—tBuzC6H202 )z(cl)z]z+ 0.13 0.09 -0.75 SCE CHzclz TBAC104 [130]
Class C
Ru(3,5-'Bu; CsH, 0, )(PPh3 )2(CO)Cl 0.42 —0.55 SCE MeCN TBACIO4 [73]
Ru(Cl4C0,)(PPh3),(CO)CL 0.87 —0.05 SCE MeCN TBACIO4 [73]
Ru(Cl4C02 )(PPh3)2(CO)H 1.00 0.15 SCE MeCN TBACIO4 [73]
[Ru(CsH402)(NH3)4]* 0.23 -0.70 Ag/AgCl H,0 (pH 7) KCl [90]
Ru(4-C0O,CgH30,)(NH3)4 0.32 —-0.65 Ag/AgCl H,0 (pH 7) KCl [90]1
0.32 -0.69 Ag/AgCl H,O0 (pH 7) KCl [91]
[Ru(4-OMeCsH30; )(NH3)4]* 0.22 -0.70 Ag/AgCl H,O (pH 7) KCl [90]
[RU(4—C2H4NH2C5H302 )(NH3 )4]+ 0.20 -0.35 -0.80 Ag/AgCl H,0 (pH 7) KCl [9] ]
[Ru(4-CH(OH)CH,NH,CgH305 )(NH3)4]* 0.24 -0.35 -0.70 Ag/AgCl H,0 (pH 7) KCl [91]
[Ru(CsH40;)(edta)]>~ 0.40 NHE H,O0 (pH 7.5) NaTFA [127]
-0.10 H,O (pH 10) NaTFA [94]
[Ru(4-C0O,CsH30, )(edta)]*~ 0.46 NHE H,0 (pH 7.5) NaTFA [127]
-0.06 H,O0 (pH 10) NaTFA [94]
[Ru(3,5-(S03),CsH2 0, )(edta)]>~ 0.59 NHE H,0 (pH 7.5) NaTFA [127]
0.02 NHE H,O0 (pH 10) NaTFA [94]
[Ru(4-C,H4NH,CsH30; )(edta)]?~ -0.12 NHE H,O0 (pH 10) NaTFA [94]
[Ru(C¢H4ONH)(bpy). ]* 1.48 0.05 -0.70 SCE MeCN TBAPFg [66]
[Ru(4,6-'Bu,CgH2ONPh)(bpy), |* 1.22 -0.42 -1.29 NHE H,0 (pH 10) NaTFA [38]
[Ru(trpy)(4-ClC¢H3 0, )(PPh3)]* 0.76 —0.09 SCE CH,Cl, [96]
Ru(trpy)(3,5-‘BuyCgH20,)Cl 0.84 -0.37 -1.26 Fc/Fc* CH,Cl, TBABF4 [97]
Ru(trpy)(3,5-'Bu; C¢H20,)Cl 0.772 -0.23 -1.07 -2.20° Fc/Fc* MeCN TBABF, [97]
Ru(trpy)(3,5-'BuyCsH20,)Cl 0.89 -0.31 -1.22 Fc/Fc* CH,Cl, TBACIO4 [98]
[Ru(trpy)(3,5-'BuyCeH2 0, )(NH3)]* 0.34 -0.46 SCE CH,Cl, [101]
Ru(trpy)(CsH402)(OAC) -0.21 -1.07 Fc/Fc* CH,Cl, TBABF, [97]
Ru(trpy)(Cl4Cs02)(OAC) 0.19 —-0.80 Fc/Fc* CH,Cl, TBABF4 [97]
Ru(trpy)(4-NO,CgH30; )(OAc) 0.18 -0.78 Fc/Fc* CH,Cl, TBABF4 [97]
Ru(trpy)(3,5-BuyCgH2 0, )(OAC) 0.822 -0.38 -1.24 Fc/Fc* CH,Cl, TBABF4 [97]
Ru(trpy)(3,5-Bu;CgH, 03 )(OAC) 0.18 -0.68 SCE CH,Cl, TBACIO4 [41]
Ru(trpy)(4-'BuCsH30,)(0ACc) 0.27 -0.57 SCE CH,Cl, TBACIO4 [41]
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Table 5 (Continued )

Complex Eip E1j2 Eip Eip E1j2 Solvent Counterelectrolyte Ref.
Ru(trpy)(4-ClCsH30,)(OAc) 0.44 —-0.45 SCE CH,Cl, TBACIO4 [41]
Ru(trpy)(3,5-Cl,CsH,0,)(0OACc) 0.57 -0.37 SCE CH,Cl, TBACIO4 [41]
Ru(trpy)(ClsCs02)(OAC) 0.67 -0.28 SCE CH,Cl, TBACIO4 [41]
[Ru(trpy)(3,6-'Buy CsH2 0, )(CO)]* 0.33 -0.72 -1.912 Fc/Fc* CH,Cl, TBAPFg [122]
[Ru(trpy)(3,5-‘BuyCgH2 0, )(CO)]* 0.49 -0.58 Ag/AgNO3 CH,Cl, TBACIO4 [102]
[Ru(trpy)(3,5-'Buy CsH, 0, )(DMSO)]* 0.65 -0.32 SCE CH,Cl, TBAPFg [122]
Class D

Cp*Ru(CsH40,)(NO) 0.42 -1.21 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(4-MeCgH30,)(NO) 0.29 -1.27 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(4-'BuCsH3 0, )(NO) 0.32 -1.20 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(4-FCsH30,)(NO) 0.47 -1.23 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(4-CIC¢H30,)(NO) 0.40 -1.27 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(Cl4C0;)(NO) 0.75 -1.04 Fc/Fc* MeCN TBACIO4 [131]
Cp*Ru(BrsCs0;)(NO) 0.77 -1.07 Fc/Fc* MeCN TBACIO4 [131]
Ru(Cl4Cs0,)(PPh3 )2(CO), 1.76 0.65 SCE CH,Cl, TBAPFg [68]
Ru(BrsCs03 )(PPhs3)(CO), 1.70 0.66 SCE CH,Cl, TBAPFg [68]
Ru(CsH40,)(PPhs3 ),(CO), 0.791 -0.388 Fc/Fc* CH,Cl, TBAPFg [79]
Ru(4-MeCgH30; )(PPh3),(CO), 0.676 —0.461 Fc/Fc* CH,Cl, TBAPFg [79]
Ru(CsH40,)(PPh;3 ),(CO); 1.58 0.55 Ag/AgCl CH,Cl, [81]
Ru(CsH40,)(CO)2(py)2 0.860 -0.132 Fc/Fc* CH,Cl, TBAPFg [79]
Ru(CgH40,)(CO)(py)s 0.589 —-0.318 Fc/Fc* CH,Cl, TBAPFg [79]
Ru(CgH402)(CO),(PPhs)(py) 1.667 0.68 Ag/AgCl CH,Cl, [81]
Ru(CsH402)(bpy)2 1.65% 0.56 -0.33 -1.72 SCE MeCN TBAPFg [66]
€Ru(3,5-'Bu,CsH2 02 )(bpy), 1.492 0.39 -0.51 -1.75 SCE CH,CICH,Cl TBAPFg [86]
“Ru(Cl4Cs0; )(bpy)2 1.682 0.88 0.02 -1.69 SCE CH,CICH,Cl TBAPFg [86]
Ru(CsH402)(py)a 1.522 0.59 -0.34 SCE MeCN TBAPFg [66]
‘Ru(4-*BuCsH30,)(py)4 1.792 0.40 —-0.60 SCE CH,CICH,Cl TBAPFg [86]
“Ru(Cl4Cs02)(PY)4 0.94 -0.09 CH,CICH,Cl TBAPFg [86]
[Ru(CsH402)(CO),(PPh3)Cl]~ 1.412 0.39 Ag/AgCl CH,Cl, [81]
[Ru(CsH40,)(CO),(PPhs3)Br|~ 1.442 0.38 Ag/AgCl CH,Cl, [81]
[Ru(CeH40,)(CO),(PPh3)I]~ 1.352 0.34 Ag/AgCl CH,Cl, [81]
[Ru(Cl4Cs02 )(CN)(CO)2(PPhs3)]~ 1.522 0.44 SCE CH,Cl, TBAPFg [77]
[Ru(Cl4Cs03 )(CN)(CO)2(P(OPh)s3)]~ 1.672 0.51 SCE CH,Cl, TBAPFg [77]
Ru(Cl4Cs0; )(NCMe)(CO),(PPhs) 1.652 0.79 SCE CH,Cl, TBAPFg [77]

2 Irreversible process.
b Irreversible 2e~ 2H* PCET process.

¢ Potentials have been corrected from literature values to account for mathematical errors in converting between reference electrodes.

In arelated study by Masui et al., the substituent effect on the NIL
ligand was investigated for the complexes [Ru(NIL)(bpy);]" where
NIL=4-NO,CgH3NHNH, 4,5-Cl,C¢H,NHNH, CgH4NHNH, 4,5-
Me,C¢H,NHNH, 4,5-(0OMe),CgH,NHNH, 4,5-(NH;),CsH,NHNH
with some of these systems investigated in a variety of redox
states, i.e., n=2+, 1+ or 0 [65]. These systems show one metal
and two NIL based redox couples (cf., Fig. 3) all showing a linear
dependence on the Hammett Yo parameters where an anodic
shift is observed with increasing electron withdrawing ability of
the NIL ligand (Table 5). In contrast, the Ru-NIL based electronic
transitions were found to show only a weak dependence on Xop.
This has been attributed to differences in reorganization energies
as discussed in the introduction [62]. The lack of charge transfer
character here is consistent with resonance Raman studies, and
the narrow bandwidths observed for these transitions [25,65].

An in-depth EPR analysis of the Class C N-substituted Ru-NIL
species [Ru(4,6-‘Bu, CgH,ONPh)(bpy), |* was recently reported by
Ye et al. where the resonance form Ru'-NIL* was found to be pre-
dominant (Scheme 5) [38]. At room temperature a g, value of
2.0049 (CH,Cly) was reported which is very similar to the free
semiquinone gj, value of 2.0061 (DMSO) [89]. At low temperature
a large Ru hyperfine coupling was observed attributed to efficient
spin polarization made possible by the strong Ru(d)-NIL(7*) elec-
tronic coupling consistent with the large Ag value of 0.0665. This
predominance of the Ru!-NIL® resonance formin Class C ruthenium
polypyridyl systems is consistent with previous studies [65,66,86].

In contrast, Salmonsen et al. have shown that by substituting
the pyridyl co-ligands with a more basic ligand set, the resonance
can be pushed in favor of the Rul"-NILRed electronic configuration
for Class C systems due to the relatively easier oxidation of the

metal center [42]. The complex Ru(4-(CH,CO,)-CgH305)(NH3)g4,
which has no net formal charge at basic pH due to deprotonation
of the carboxy group, displayed a low temperature EPR spectrum
typical of Ru'l (g, =2.722 and g = 1.889), thus implying the reso-
nance structure Ru"-NILRed, Similar behavior was observed by da
Silva et al. for the Class C systems [Ru(4-R-CgH305,)(NH3)4]* (R=H,
CO,H) [90]. Interestingly, upon oxidation of the Class C systems
containing the dopamine, noradrenaline or isoproterenol ligands to
their Class B analogues [Ru(4-R-CgH30,)(NH3)4]2* (R=CyH4NHy,
CH(OH)CH,NH,, CH(OH)CH,;NHCH(CH3),, respectively) the Rul!
oxidation state becomes more favorable, i.e., Ru'-NIL%X is preferred
over the Ru"-NIL* resonance form (Scheme 6) [91]. This was again
proven to be the case by Lever and Gorelsky for the complexes
[Ru(4,5-R,CgH,NHNH)(NH3)4]%* (R=H, Cl and OMe) by examin-
ing the percentage mixing of the Ru(tyg) and NIL(7*/) orbitals
[36,92]. For all of these Class B Ru'-NIL%* complexes, the NIL was
observed to be a much better m-acceptor, i.e. increased Ru— NIL
backbonding, when the central Ru was made more electron rich
using the tetraammine ligand set in place of the bis-bipyridyl
ligand set. One-electron oxidation of the Class B systems was
clearly ascribed to the Ru™! couple via spectroelectrochemical EPR
analysis in aqueous acidic media (Table 3) [36]. An irreversible two-
electron, two-proton-coupled reduction process is observed at pH
1 over a wide potential range depending on the electron donat-
ing/withdrawing nature of the NIL substituent (-0.40 to —0.86V
vs. SCE) giving rise to formation of the protonated Ru"-H,NILRed
species [Ru(4,5-R,CgH,NH,NH, )(NH3)4]3*. In this case, the one-
electron reduction of the mono-protonated mono-reduced species
Rul-(H)NIL* is easier than the one-electron reduction of the start-
ing Ru''-NIL®* complex, a process which is well documented for
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Ru'-NIL®

RU”(bPY)z -~ X? RU'"(DPY)z

RuIII_NILRed

Scheme 5. Resonance forms of the Class C species [Ru(4,6-'Bu; CsH,ONPh)(bpy),]* studied by Ye et al. via EPR spectroscopy (see Table 3 for EPR data).
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Scheme 6.

the free quinone ligand [93]. The edta analogue studied by Rein
et al. [Ru(CgH4NHNH)(edta)]?~ likewise is shown to adopt the
Ru'l-NIL%* resonance form typical of Class B systems, even with
such an electron rich metal center [37]. Again, an irreversible two-
electron, two-proton-coupled reduction process is observed for the
latter complex in acidic media. Such pH dependent redox chem-
istry correlates well with the different redox states isolated under
neutral/aerobic and basic/anaerobic conditions [94].

The very basic edta ligand of the Class C complexes
[Ru"(NIL)(edta)]"~ where NIL is CgH40,, 4-CO,HCgH30, and
3,5-(SO3Na),;CgH,0, makes these systems comparable to their
tetraammine analogues and similar redox chemistry has been
reported [95]. A one-electron ligand-based oxidation process
was reported in the range 0.40-0.59V vs. NHE for these sys-
tems (pH 7-7.5). However, the Ru" metal based reduction
occurred at much more negative potentials (ca. —0.5V vs. NHE)
which led to dissociation of the NIL even under weakly basic
conditions indicating the instability of such electron rich Class
D complexes in the presence of a proton source. Analogous
behavior has also been reported for the Ru(edta) dopamine and
L-dopa complexes [Rull(4-C,H4NH,CgH40; )(edta)]3~ and [Ru'll(4-
CH,CH(CO,)NH,CgH40;)(edta)]*~, respectively [94].

5. Ru(trpy)(NIL)L
5.1. L=phosphine

The treatment of Ru(trpy)(PPh3)Cl, with catecholate and
the oxidant AgClO4 affords the Class C complex [Ru(trpy)(4-
ClCgH30,)(PPh3)][Cl04] which displays a reduction and a oxidation
event at —0.09 and 0.76V vs. SCE, respectively [96]. The chemi-
cal reduction of [Ru(trpy)(4-ClCgH3 05 )(PPh3)][ClO4] with Na;S,04
yields the neutral Class D species Ru(trpy)(4-ClCgH30,)(PPhs).
Both [Ru(trpy)(4-ClCgH30,)(PPh3)][ClO4] and its one-electron
reduced derivative Ru(trpy)(4-ClCgH30,)(PPh3) are character-
ized by X-ray crystallography. This is a rare example of a
Ru-NIL system crystallographically characterized in two oxidation
states. The C-0O distances in [Ru(trpy)(4-ClCgH30;)(PPh3)][ClO4]

(1.289(7) and 1.304(7)A) are shorter than in the Ru(trpy)(4-
CICsH30;)(PPh3) (1.320(10) and 1.343(9)A) derivatives. The XPS
analysis of [Ru(trpy)(4-ClCgH30,)(PPh3)][ClO4] and Ru(trpy)(4-
CICgH30,)(PPh3) shows similar Ru binding energies of 280.3
and 280.7eV, respectively. This small change in Ru binding
energies is consistent with a ligand-based oxidation, espe-
cially when compared to the Ru(bpy),Cl,%* system where
the Ru" and the Ru" derivative display binding energy of
279.9eV and 281.9eV, respectively (Table 6). The Class C species
[Ru(trpy)(4-ClCgH305)(PPh3)][Cl04] is EPR active and displays an
isotropic signal at g=2.00 in CH,Cl, at room temperature. Col-
lectively, the experimental evidence indicates a Ru!! oxidation
state in both species with the Class C compound [Ru(trpy)(4-
CICgH30,)(PPh3)][ClO4] exhibiting predominately Ru!!-NIL® char-
acter. The [Ru(trpy)(4-ClCgH3 0, )(PPh3)]%* system containing both
an electron withdrawing NIL and a strong field phosphine co-ligand
displays a predominately ligand localized redox reactivity. Now we
turn to the more prevalent and intriguing cases of ambiguous or
non-integer oxidation state assignments in Ru-NIL complexes with
terpyridine co-ligands.

5.2. L=acetate or chloride

The ability to modulate the electron distribution within the
Ru-NIL framework by altering the electron withdrawing abil-

Table 6

XPS data for Ru-NIL complexes.
Complex Ru (eV) Ref.
[Ru'(en)s](ZnCly) 279.5 [132]
Ru''(bpy)2Cl, 279.9 [133]
Ru(trpy)(3,5-‘BuyCgH, 0, )(OAC) 280.3 [106,41]
Ru(trpy)(4-CIC¢H30, )(PPh3) 280.3 [96]
[Ru(trpy)(3,5-'Buy CeH, 0, )(NH3)](Cl04) 280.4 [101]
[Ru(trpy)(4-CIC¢H30, )(PPh3)](Cl04) 280.7 [96]
[Ru(trpy)(3,5-'Bu; CgH2 0, )(NH3)](Cl04 )2 281.2 [101]
[Ru(trpy)(3,5-'Bu;CsH;02)(0H3)](Cl104), 2813 [106,129]
[Ru™(bpy)>Cl>]Cl 281.9 [133]
[Ru"(NH3)s]Cl3 282.1 [132]
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Fig. 5. Spin density plots of Ru(trpy)(3,5-'Bu;CeH20,)(0Ac) (left) and Ru(trpy)(ClsCsO,)(OAc) (right). This figure was reproduced from Ref. [41] with permission of the

copyright holders.

ity of the NIL is clearly illustrated by Tanaka and co-workers
with a family of Ru(trpy)(NIL)(OAc) complexes [41]. The Class
C Ru(trpy)(NIL)(OAc) complexes (where NIL=3,5-'BuyCgH,0,, 4-
tBUCﬁHgOz, 4—C1C6H302, 3,5—C12C5H202, C14C502) all dlsplay an
intermediate electronic structure with contributions from the
Ru-NIL* and Ru™-NILRed resonance states. A thorough EPR study
of this family of compounds reveals an increasing contribution
from the Rull-NILRed state as the electron withdrawing ability
of the NIL substituents is increased (Table 3). The UV-vis spec-
troscopy also indicates a shift in electron distribution over the
Ru-NIL fragment upon altering the NIL. The UV-vis spectra of this
series of complexes displays a decrease in molar extinction coef-
ficients as the number of electron withdrawing substituents is

_| NRH;

increased. DFT calculations corroborate these experimental find-
ings, showing an increased spin density on the ruthenium center in
Ru(trpy)(ClsCs0, )(OAc) (RuM-NILRed) compared to Ru(trpy)(3,5-
tBUzCstOz )(OAC) (RUH—NIL') (Flg 5)

The [Ru(trpy)(NIL)CI]" systems show rich redox chemistry, but
the electronic structure of the Class B species (n=+1) is not without
ambiguity. Bhattacharya and Tanaka have independently reported
the Class C compound Ru(trpy)(3,5-'Bu,CgH,0;)(Cl) which is
satisfactorily assigned as Ru'-NIL* [41,97,98]. The one-electron
oxidized product [Ru(trpy)(3,5-'BuyCgH,0,)(C)]*, however, was
assigned differently by the two groups. Bhattacharya assigns the
oxidation product as metal based (Ru'-NIL*), whereas Tanaka
suggests the ligand-based oxidation (Ru"-NIL%%). Tanaka’s assign-

Tz

NRH,
'—eb |_3 Ru”\
‘ 0
Ox.
2(Ru"NIL®%) H(RU"NILO%)
1/2 H,CO RO
1/2 CH3OH ROH
TRH ]
isc L3 RU"
Wi
Ox
3(RUMNIL®) 3(Ru"NIL*NRH®) T(RU'NILO%)

Scheme 7. Proposed catalytic scheme for alcohol oxidation based on new DFT calculations.
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ment is more likely, however, with a distinct contribution from the
Ru'-NIL* resonance form based on recent theoretical analysis of
the isoelectronic hydroxy species by Tsai et al. [39]. In a related
study, the complexes [Ru(trpy)(NIL)Cl]* (where NIL=CgH4ONH
and CgH4NHNH) were reported [35,99]. These Class B compounds
are described as displaying predominately Ru'-NIL* character
with only a minor contribution from the Ru-NIL®* state [35].
Crystallographic studies of these compounds reveal bond dis-
tances somewhere between the expected distances for an NIL®
and NILO* redox state, suggesting an intermediate electronic
structure. The DFT calculations for [Ru(trpy)(C¢H4ONH)CI]" and
[Ru(trpy)(CgH4NHNH)CI]* reveal a delocalized ground state with
the Ru(d) orbitals extensively mixed with the NIL(m/m*) orbitals
and the Cl(m) orbitals. The authors prepared both the one-
electron oxidized Class A species [Ru(trpy)(CeH4ONH)CI]2* and
[Ru(trpy)(CeH4NHNH)CI]2* and the one-electron reduced Class
C species Ru(trpy)(CsH4ONH)CI and Ru(trpy)(CsH4NHNH)CI. The
authors’ assign the Class A and Class C species as RulV-NIL* and
Ru'-NIL*, respectively. This unusual solely metal based redox activ-
ity is debatable, and a detailed study of [Ru(trpy)(NIL)CI]" with
contrary interpretation is forthcoming [100].

Examination of the Class C compounds [Ru(trpy)(3,5-
tBu,CgHp0,)L]" (L=CO,NH3, n=+1; L=Cl and OAc, n=0) illustrates
the influence ancillary ligands have on the metal orbital energies
[97,101,102]. UV-vis spectroscopy clearly demonstrates that
altering the co-ligand from a strong field carbonyl ligand to a
weak field chloride ligand decreases the energy gap of the MLCT
transition,® as well as increasing the Ru(dm)-NIL(*) overlap.
The [Ru(trpy)(3,5-tBuyCgH,0,)(CO)]* compound displays a CT
band at 644nm (4390cm~!M-!), whereas the [Ru(trpy)(3,5-
‘BupCgHp0,)(NH3)]* compound displays a CT band at 854nm
(13000 cm~1M~1). This trend is continued with the chloride and
acetate analogs which display bands at 875 (16900 cm~! M~1) and
883 (18600 cm~1 M~1), respectively.

5.3. L=amine

The Class C species [Ru(trpy)(3,5-'BuyCgH,0,)(NH3)]* and
the one-electron oxidized Class B derivative [Ru(trpy)(3,5-
tBu, CgH, 0, )(NH3)]%* were prepared and characterized by a variety
of spectroscopic techniques. The paramagnetic Class C species
[Ru(trpy)(3,5-tBu,CgH,0, )(NH3)]* displays a broad isotropic sig-
nal (g=2.008) in its EPR spectrum and is assigned as Ru'NIL*
[80]. Since [Ru(trpy)(3,5-'Bu;CgH,0,)(NH3)]™ and [Ru(trpy)(3,5-
tBu,CgH,0,)(NH3)]?* displayed binding energies for the Ru 3ds),
of 280.4 and 281.2eV, respectively, the authors assigned the
latter as a Ru'l-NIL* species (Table 6). Is the electronic struc-
ture of [Ru(trpy)(3,5-'Bu, CsH, 0, )(NH3)]?* actually Ru'-NIL*? Our
preliminary DFT calculations in CH;Cl, suggest that the sin-
glet Rul-NILO* is 6.29 kcal/mol lower in energy than the triplet
Ru'l_NIL* state [75]. Various spectroscopic properties (includ-
ing the absorption spectrum) of this species are similar to those
of [Ru(trpy)(3,5-Bu,CgH,0,)(0H,)]%*, which was also originally
assigned as a Ru''-NIL* species based on the XPS data. However,
our recent study indicated that [Ru(trpy)(3,5-'Bu, CgH, 0, )(OH,)]?*
is a Rull-NIL®% species (see the L=0H, section).

The complex [Ru(trpy)(3,5-'BuyCgHy0,)(NH3)|™ (n=1, 2),
containing both a protic ammine ligand and a redox-active
NIL, is poised to display interesting redox-induced reactiv-
ity and indeed the complex [Ru(trpy)(3,5-'Bu,CgH,0,)(NH3)]?*
catalyzes the electrochemical oxidation of alcohols. Although
a detailed mechanism of alcohol oxidation by the complex
remains unclear, treatment of methanol solutions of [Ru(trpy)(3,5-
tBu,CgH,0,)(NH3)]%* with 1 equiv of base (‘BuOK) was found to
regenerate the [Ru(trpy)(3,5-'BuyCgH,0,)(NH3)]* species [101].
The oxidation of alcohol by [Ru(trpy)(3,5-'BuyCgH,0;)(NH3)]%*

Fig. 6. Calculated spin density for [Ru(trpy)(3,5-'BuyC¢H,0,)(NH;)]* with the iso-
density plotted at 0.001.

presumably proceeds through the deprotonation of the ammine lig-
and to afford the amido species [Ru(trpy)(3,5-‘BuyCgH, 0, )(NH3)|*,
the Ruamido species undergoes intramolecular electron transfer to
form the aminyl radical [Ru(trpy)(3,5-'Bu;CgH,05)(NH,*)]*, and
finally the conversion of the [Ru(trpy)(3,5-'BuyCgH,0, )(NH,*)]* to
[Ru(trpy)(3,5-tBuyCgH, 0, )(NH3)]* is coupled with the oxidation of
the alcohol by H atom abstraction (see Scheme 7). Our DFT cal-
culations on [Ru(trpy)(3,5-'Bu;CgHp0,)(NH,*)]* revealed a near
equal spin density on the Ru and N centers (Fig. 6) which is indica-
tive of equal contributions from the [Rul/(trpy)(NIL*)(NH,*)]* and
[Rulll(trpy)(NIL®*)(NH,)]* resonance forms in the ground state.

As mentioned above, the complex [Ru(trpy)(3,5-
Bup,CgHp0,)(NH3)]™ catalyzes the electrochemical oxidation
of alcohols at mild conditions in basic alcohol solutions. The
catalytic activity is, however, hampered by the formation of the
inactive side product [Ru(trpy)(3,5-'Bu;CgH,05)(OCH3)]* during
the catalytic cycle [101]. To prevent the substitution of the ammine
ligand by CH30~ in [Ru(trpy)(3,5-'BuyCgH, 0, )(NH3)]™, the trpy
and ammine ligands were replaced with the tetradentate ligand
bis(2-pyridylmethyl)-2-aminoethylamine (NH,-L) [103,104].
The Class B compound [Ru(NH,-L)(3,5-'Bu;CgH,0;)](PFg), was
assigned by the authors as being predominately Ru'-NIL* in
character. The Class C species [Ru(NH,-L)(3,5-'Bu;CgH20,)]" was
prepared electrochemically. The EPR spectrum of [Ru(NH;-L)(3,5-
Bu,CgHp0,)]* displays a g=2.015 indicating a contribution from
the Ru'-NIL* electronic state. The oxidation state assignment
of [Ru(NH,-L)(3,5-'Bu,CgH,0,)]%* may need to be reconsidered
due to reasons similar to those mentioned for [Ru(trpy)(3,5-
'Bu,CgH,0;)(NH3)]2*. In fact, our preliminary DFT calculations
in CH,Cl, for [Ru(NH,-L)(3,5-'Bu,;CgH,0,)]** predict the closed-
shell singlet state is ~5kcalmol~! lower than the triplet state,
indicating this species is likely Ru!-NIL%* [75].

The second generation [Ru(NH;-L)(3,5-'BuyCgH,0,)](PFs),
framework is more robust under catalytic conditions, displaying
greater catalytic activity for the oxidation of alcohols than its
predecessor [Ru(trpy)(3,5-'Bu,CgH;0;)(NH3)]?* (Scheme 7). The
catalytically active species for both systems is likely an incipient
aminyl radical which abstracts a hydrogen atom from the alcohol.
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Fig. 7. Molecular structure of [Ru(trpy)(3,5-Bu;CgH20,)(OH;)]?* with the hydro-
gen atoms omitted for clarity. This figure was reproduced from Ref. [106] with
permission of the copyright holders.

The reactive nature of the aminyl radical prevents its detection.
Experimental evidence for the aminyl radical was possible, how-
ever, with the complex [Ru(NHPh-bpa)(3,5-'Bu,CgH,0,)]* where
NHPh-bpa = 2-(bis(2-pyridylmethyl)aminomethyl)anilido ligand.
The anilido radical was characterized by EPR and XPS along
with DFT calculations [103]. However, UV-vis-NIR spectra of this
species, the deprotonated species and the further reduced species
are quite complicated and a further theoretical study is needed
to elucidate the nature of electronic transitions and the electron
distribution over the (NHPh-bpa)-Ru-NIL and (*NPh-bpa)-Ru-NIL
framework.

5.4. L=aqua

The first report of a Ru-NIL complex with an aqua ancillary lig-
and was that of [Ru(trpy)(3,5-'Bu, CgH> 05 )(OH>)]* by Bhattacharya
[98].The Class C species [Ru(trpy)(3,5-'Bu; CgH, 05 )(OH3 )] was the
proposed product from the reaction of Ru(trpy)(3,5-‘Bu;CgH,05,)Cl
with AgClO4 [98]. Further investigation by Tanaka and co-workers
proved the Ru(Ill) derivative [Ru(trpy)(3,5-'Bu;CgH,0,)Cl]* to be
the major product in the latter reaction. The complex [Ru(trpy)(3,5-
tBu,CgH,0,)(OH,)]?* was successfully prepared by treatment of
Ru(trpy)(3,5-'Bu,CgH, 0, )(OAc) with a strong acid [105,106]. The
[Ru(trpy)(3,5-tBuCgH, 0, )(OH,)]2* complex was initially assigned
as Rulll_NIL*, however, subsequent theoretical analysis by Muck-
erman et al. indicated a predominant Ru'-NIL9* character with a
noteworthy contribution from the Ru'"-NIL* resonance form. This
electronic structure is consistent with a large portion of Class B
complexes covered in this review [21]. The crystal structure dis-
plays a C;-C, distance of 1.466 A along with C;-0; and C,-0,
distances of 1.293(5) and 1.280(5)A, respectively. Ru-Oy;. bond
lengths of 1.968(3) and 2.028(3) A were reported with a Ru-O,q
bond length of 2.099(3) A (Fig. 7).

The unusual pH dependence of charge migration within
the [Rull(trpy)(NILO¥)(OH,)]** complex was monitored via
UV-vis spectroscopy (Fig. 8, Scheme 8) [106]. Deprotonation of
the [Rull(trpy)(NIL®*)(OH;)]** compound (pK,=5.5) forms the
[Ru"(trpy)(NILOX)(OH)]* species. This reaction is accompanied by
a slight blue shift of the MLCT transition from 600 nm to 576 nm
(Fig. 8a-d). The second deprotonation (pK,=10.7) affords the

6 Kobayashi et al. assigned this complex as Ru'"NIL®, however, further investiga-
tion by Tsai et al. has proven it to be predominantly Ru"NIL°* with some contribution
from the Ru"NIL* configuration, an assignment consistent with XPS data [39,106].
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Fig. 8. The pH titration of [Ru(trpy)(3,5-‘BuyCsH;0,)(OH;)]?*: (a) pH 3.2; (b) pH
4.5; (c) pH 5.6; (d) pH 7.1; (e) pH 10.1; (f) pH 11.0; (g) pH 12.0. This figure was
reproduced from Ref. [106].

highly reactive [Rul(trpy)(NIL*)(0*~)]° species which rapidly
undergoes H-atom abstraction to give [Rull(trpy)(NIL*)(OH)]°. The
conversion of [Ru'l(trpy)(NILO*)(OH)]* to [Ru'(trpy)(NIL*)(OH)]°
is indicated by a dramatic red shift in the MLCT* band from
576 to 870nm (Fig. 8d and e), consistent with previous reports
by Lever for isoelectronic species [86].” The highly reactive
[Rul(trpy)(NIL*)(0*~)]° species (Scheme 8, iii) is plausible due to
the strong acceptor character of the NIL ligand in the ruthenium
oxo species - in fact, the Ru(=0) species is unfavorable here
due to the full Ru" tys valence shell [21]. A crystal structure
of “[Rull(trpy)(NIL*)(0*~)]°” has been reported by Kobayashi
et al., however, it is likely the H-atom abstraction species
[Ru"(trpy)(NIL*)(OH)]° with the hydroxyl proton elusive to detec-
tion by X-ray diffraction [21,106]. Although highly reactive, the
oxyl radical species was detected by a spin trapping EPR exper-
iment using 5,5-dimethyl-1-pyrroline N-oxide (DMPO) with an
observed 12-line signal centered at g=2.006 [105,106]. Treatment
of [Rull(trpy)(NIL*)(OH)]? with acid in air regenerates the starting
aqua complex [Rull(trpy)(NILOX)(OH; )]?*(Scheme 8).

The cyclic voltammetry of [Ru(trpy)(3,5-Bu,CgH,0,)(0H,)]%*
was investigated in the presence of base (Fig. 9) [105-107].
Upon addition of a slight excess of '‘BuOK to [Ru(trpy)(3,5-
tBu,CgH,0,)(OH,)]?*, a progression from the Class B species
[Rul'(trpy)(NIL®*)(OH,)]#* (which displays two reduction events
at 0.31 and —0.47V vs. SCE; Viest =0.48V), to the Class B species
[Ru(trpy)(NILO*)(OH)]* (which displays an oxidation event at
0.07V and a reduction event at —0.57V vs. SCE; Viest =0.36V) is
detected. Additional base results in the formation of the Class
C species [Rull(trpy)(NIL*)(0*~)]° which is highly reactive and
abstracts a proton to form [Ru'l(trpy)(NIL®*)(OH)]° (which displays
one oxidation event at 0.31V and one reduction event at —0.47V
vs. SCE; Viest =0.17 V), the rest potential shifting cathodically across
the first redox couple (Scheme 8). The pH dependent shift of Viest for
[Ru(trpy)(3,5-tBu,CgH, 0, )(OH,)]%* has been exploited by Tsuge et
al. for the generation of electrical current in a two compartment
electrolytic cell [105,107]. Now we start to see how the reactivity
of Ru-NIL species can be dictated by the synergistic Ru(d)-NIL(7*)
and Ru(d)-NIL(7) bonding interactions discussed earlier.

Until recently it was assumed that molecular water oxida-
tion catalysts required at least two high-valent transition metal
centers in close proximity with the appropriate stereochem-
istry for O, bond formation [108,109]. Although deprotonation of
[Ru(trpy)(3,5-tBu,CgH, 0, )(OH,)]%* affords a highly reactive oxyl
radical species, O, formation was never observed due to hydro-
gen atom abstraction (Scheme 8). In contrast, the Tanaka catalyst
[Ruy(btpyan)(3,6-Bu,CgH,0,),(0OH), ]2 achieves efficient water

7 The reduced intensity of the low energy transition from [Ru(NIL*)(OH)]° in

Fig. 8(a-g) is due to the low solubility of this neutral species at high pH.
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HoO 12+ HO
(trpy)Ru"’O\ ‘—H\+_ (trpy)Ru"'O\
\ + H* \
O O
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1+ (l)‘
i,. (trpy)Ru” (‘).
+H* é) »~

(i)

Scheme 8. The pH dependent chemistry of [Ru(trpy)(3,5-'Bu;CsH20;)(OH,)]?* observed in both organic and aqueous media under aerobic conditions. The reversibility of

the pH titration is accounted for by the aerobic oxidation of (v) to (i).

oxidation catalysis, albeit heterogeneously on a tin-doped indium
oxide (ITO) electrode [21-23,110]. The dissociation of two protons
from the Tanaka catalyst under very basic conditions (2 equivalents
tBuOK in methanol solution) produces a species in which the charge
has migrated from the precursor hydroxy ligand to the NILO* lig-
and as evidenced by the disappearance of the Rul'-NIL%* absorption
band at 576 nm and the appearance of new lower-energy transition
Ru'l-NIL* at 850 nm [22,23,110]. Tentatively the authors suggest
that O-0 bond formation occurs upon this double deprotonation
resulting in the [Rull;(btpyan)(NIL*),(0,27)]° configuration.

(A)

5pA T
E,est=0.48 V

|

(8)
Eoest =0.45V

{

(©)
E o =0.36 V

(D)
E,est =017V

i

-

1 1 1 ]

-1.0 -0.5 0 0.5 1.0
E/V vs. SCE

Fig. 9. Cyclic voltammograms of [Ru(trpy)(3,5-BuyCgH;0,)(OH,)]?* in CH,Cl,
monitoring the progression from [Ru(trpy)(NIL)(OH;)]?* to [Ru(trpy)(NIL)(OH)]* to
[Ru(trpy)(NIL)(OH)]° upon addition of: (A) 0; (B) 0.5; (C) 1.0; (D) 3.0 equivalents of
‘BuOK in CH,Cl; (0.1 M BusNClO,). This figure was reproduced from Ref. [106] with
permission of the copyright holders.

Evolution of O,, however, is only observed upon applica-
tion of a positive potential, where in acidic conditions, i.e., pH
4, deprotonation takes place via a proton-coupled electron-
transfer mechanism [21,39]. The Tanaka catalyst displays four
quasi-reversible redox couples negative of its rest potential
(+0.49V vs. Ag/AgCl) at +0.43, +0.35, —0.47 and —0.56V wvs.
Ag/AgCl in methanol attributed to four successive one-electron
ligand-based reductions from [Rul';(btpyan)(NIL®%),(OH),]%*
to [Rully(btpyan)(NILOX)(NIL*)(OH),]* to [Rul',(btpyan)(NIL®),
(OH),]° to [Rully(btpyan)(NILRed)(NIL*)(OH),]~ to [Rully(btpyan)
(NILRed),(OH), ]2~ indicating a communication between the two
NIL ligands across the two metal centers [22]. Methanol and
acetone solvents both undergo oxidation at potentials >+1.00V vs.
Ag/AgCl in the presence of the Tanaka catalyst, precluding obser-
vation of any redox chemistry at more positive potentials. The
Ru'" couple was observed at +1.34V vs. Ag/AgCl for both metal
centers via a two-electron redox process in a 1:1 mixture of trifluo-
roethanol and ether thus forming [Rulll;(btpyan)(NIL9¥),(OH), [**.

1250

Rul¥(=0)(NILO¥)
Ru .[(()H)(Nn.%:)?; s gt Ragin e o gt el
o . DT ¥

1000 <
%4"‘-‘;‘“:\ " Rul(O")(NILOY*
750 7:\*.}’:"
Ru"(OH,)(NIL®%)2+ TR
500 i,
> Rul(OH)(NILOY+ -
B 250 | T TH PRI Al Ru(OH)(NIL*)"
ud el TR
P A s .\m-
L Rul((OH,)(NIL)* Ru(OH)(NIL#)"
250 | e N
Ru"™{OH,)(NIL*=HH)* T"\‘“"f*-w_‘-.; .
500 | TR,

Rul(OH,)(NILR<H)* e,

! RuMOH)(NILR_

-750 L L 1 1 ! 1 1 1 1 1 1 1 L '
-1 01 2 3 4 5 6 7 8 9 10 1112 13 14

pH

Fig. 10. A Pourbaix diagram of [Ru(trpy)(3,5-'Bu;CsH20,)(OH,)]?*. Potential is
given relative to the SCE. This figure was reproduced from ref. [39] with permission
of the copyright holders.
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Scheme 9. A schematic of the Tanaka catalyst (top left) and the calculated RIMP2 geometric structure for the Me (instead of ‘Bu) substituted species (top right). The proposed
catalytic cycle for water oxidation by the Tanaka catalyst in aqueous solution at pH 4 (bottom).

Controlled-potential electrolysis of the Tanaka catalyst at 1.70V
vs. Ag/AgCl in trifluoroethanol containing 10% water evolves O,
with a current efficiency >90% with a turnover number (TN) of
21 [22]. When the catalyst is physisorbed onto ITO in water at
pH 4, the Ru™! redox couple occurs at 1.19V vs. Ag/AgCl and is
proton coupled [21,22,39], forming the fully deprotonated species
[Rul'5(btpyan)(NIL-0>),(0),]2* which is believed to be the 0-0
bond formation step for water oxidation [21,22,39]. At pH 4,
with a controlled potential electrolysis at +1.70V vs. Ag/AgCl, a
turnover number > 30,000 was recorded over a 40 h period - the
highest reported turnover number to date for a molecular catalyst
for water oxidation.® In fact, the catalyst is still intact after 40 h
but the current gradually decreases as the pH decreases and the
physisorbed catalyst falls off the electrode.

The Pourbaix diagram, i.e., pH dependent voltammetry, of the
monomer complex [Ru(trpy)(3,5-'BuyCgH,0,)(OH,)]?* reported
by Tsai et al. is a perfect illustration of the complex redox

8 An applied potential of 1.70V vs. Ag/AgCl at pH 4 represents an overpotential
of 0.90V for the oxidation of water (E°=0.62V vs. Ag/AgCl at pH 7; £0.059 V/pH).
Although this appears as quite a large overpotential, the onset potential for the
observance of catalytic current occurs at 1.19V vs. Ag/AgCl representing an overpo-
tential of just 0.41 V.

chemistry observed for these systems (Fig. 10) [39]. Formation
of the oxyl radical species [Rull(trpy)(NILO*)(0*~)]* is observed
via two-proton, one-electron-coupled oxidation of [Ru(trpy)(3,5-
'Bu,CgH,0,)(0OH,)]?* as evidenced by a slope of —118 mV/pH in
the pH regions 3-6. There is a lot of scatter related to these
data points which has been attributed to H-atom abstraction by
the oxyl radical species forming [Ru(trpy)(3,5-‘BuyCgH,0,)(OH)]*
that is subsequently protonated to regenerate [Ru(trpy)(3,5-
'Bu,CgH,0,)(OH,)]?*. It should be mentioned that this plot
was reproduced theoretically (with nearly complete topological
accuracy, but with expanded scales on both axes), taking into
consideration the various geometry optimizations and spin mul-
tiplicities for all species involved to aid in their assignment.
Although the monomer species does not show any catalytic activ-
ity for water oxidation reaction, its investigation has certainly
shed some light on the redox chemistry of the Tanaka cata-
lyst.

The mechanism for O, evolution was investigated by Muck-
erman et al. [21,22,39] using a combination of theoretical and
experimental techniques (Scheme 9). Interestingly, all redox chem-
istry occurred either at the aqua moieties or the NIL. Unlike other
molecular water oxidation catalysts, the Ru centers remain low
valent and appear to play an active role by facilitating the charge
migration from the aqua ligand to the NILX moieties. This charge
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migration is made possible by the extensive electron delocalization
throughout the Ru(dm)-NIL(7*) framework.

Electrochemical analysis of  the [Ruy(btpyan)(3,5-
Cl;C6H203),(0H),]?* and [Ru, (btpyan)(4-NO,CgH303),(0H), |2
analogs of the Tanaka catalyst displayed no catalytic current for
water oxidation under identical conditions or even at applied
potentials up to 2.00V vs. Ag/AgCl. This was explained by an
anodic shift of the NIL and Ru redox couples due to the electron
withdrawing effect of the NIL substituents, and a failure to advance
to the second deprotonation step [21].

6. Conclusion

This review examined a wide variety of Ru-NIL complexes and
their respective electron distributions. The electron distributions
within the Ru-NIL fragments are sensitive to substituent effects
on the NIL and the choice of ancillary ligands. Thus the electronic
structure of a system can be “tuned” by manipulating the mixing
between the low-lying 7* ligand orbitals of the NIL and the ruthe-
nium dm orbital. Due to the extensive mixing of the Ru and NIL
orbitals in these complexes, the ruthenium centers and NIL possess
non-integer oxidation states in certain systems. The oxidation-
state assignments in these cases, especially for Class B systems, are
non-trivial and can easily be misassigned. To accurately assign elec-
tron distributions in these systems, one must evaluate a series of
spectroscopic, electrochemical, and structural data together with
predictions from careful theoretical analyses.

The Class B systems of the generic formula [Ru(trpy)(NIL)X]*
([Ru(trpy)(CeH4aNHNH)(CD)]", [Ru(trpy)(CeH4ONH)(OAC)]",
[Ru(trpy)(3,5-'BuyCgHp 05 )(NHp)]* and [Ru(trpy)(3,5-
‘BuyCgH,0,)(OH)]*) exhibit non-integer oxidation states for
the metal and NIL with a particular Ru oxidation state displaying a
predominate contribution. In these systems the electron distribu-
tion is delocalized not only over the Ru-NIL fragments but also the
Xligand trans to the NIL. The utility of this Class B [Ru(trpy)(NIL)X]*
motif has been demonstrated in the [Ruy(btpyan)(NIL),(OH),]?*
and [Ru(trpy)(3,5-tBuy,CgH,0,)(NH3)]?* systems. These Ru-NIL
ensembles catalyze the sophisticated redox reactions of water
oxidation and alcohol oxidation, respectively. This ability to spread
electrons over the framework enables the Ru-NIL's fragments
to act as electron reservoirs and help stabilize reactive radical
intermediates, all while avoiding a high valent metal center in
these catalytic reactions.
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Appendix. Two-electron, two-orbital model for
understanding the electronic structure of Class B Ru-NIL
complexes

We will begin by describing the “infinite separation” (no over-
lap) valence bond (VB) states of a model of Class B Ru-NIL
complexes involving two electrons and two orbitals. These are
the appropriate states for describing the formal oxidation states
of their Ru and NIL constituents even though they are inconvenient
basis states for carrying out actual calculations on the Ru-NIL com-
plex. A similar two-electron, two-orbital analysis has been carried
out by Nocera for the very different case of 82 configurations in
quadruple-bonded metal-metal complexes to explain their two-
photon spectroscopy [111].

Let us assume that the Ru constituent of the complex has a four-
coordinate, closed-shell Ru(IV) core with one valence orbital, the
unoccupied dr orbital among its “tp¢” orbitals, and let the NIL lig-
and have a closed-shell NIL9* core with one valence orbital, the
lowest 7* orbital of the NIL 7 system. These two valence orbitals
will be designated as a and b, respectively. We will here address the
Class B case of complexes for which we will construct electronic
states by assigning two electrons to these two localized orbitals in
all possible ways. In so doing, we will be constructing VB basis states
because we will be approximating the electronic eigenstates of the
system by linear combinations of products of fragment orbitals
rather than, as in the MO approach, products of linear combinations
of fragment orbitals.

If we assign both electrons to a single fragment orbital, we will
obtain a closed-shell VB basis state. In the case of assigning both
electrons to the Ru atom, we obtain a closed-shell VB basis state
(CS1) corresponding to Rul'-NILO%,

1 _
Wes1 = |aal.

Here we designate a VB basis state with the symbol ¥ and use the
notation of the Slater determinant, where for any two orbitals c and
d,

- 1
cd = —
NG

c(1) d(1)
c2) d@)

)

with the bar over an orbital indicating that the electron in it has beta
spin (the absence of a bar indicating alpha spin). If both electrons
are assigned to the NIL fragment, we obtain the closed-shell VB
basis state (CS2) corresponding to the Ru!V-NILRed complex,

1y = |bb)

Note that both these closed-shell VB basis states necessarily have
Ms =0 (ms=+(1/2) for the alpha-spin electron and mg=—(1/2) for
the beta-spin electron) because they correspond to singlet states
with S=0. When we assign one electron to each of the two frag-
ments to make basis states corresponding to Ru'l-NIL*, things
become more complicated because an open-shell singlet state
cannot be described by a single determinant (nor can the Ms=0
component of a triplet state). The open-shell singlet VB basis state
(0S)is

llI/OS — 1

\/m{lab‘ - ‘abl}a
where s is the overlap integral between orbitals a and b, and the
same two determinants can be used to describe the Ms =0 compo-
nent of the VB triplet state,

— 1 b a
lI/OS = m{lab‘+‘ab|}

These VB states, three singlets and one triplet, can be used as
a basis for approximating the corresponding electronic eigenstates
of the Ru-NIL complex. In some cases, one of the basis states will be
dominant, in other cases more than one of the basis states will be
important, and we refer to the latter case as “resonance”, which is
another VB concept. Note that 1 ¥ s corresponds to a “singlet birad-
ical” description of the electronic structure because one electron is
on each fragment.

Another complication with the VB approach is that the VB
basis states do not remain orthogonal as the fragments are moved
from infinite separation (i.e., non-interacting) to finite separation
because of the overlap of orbitals a and b. The overlap matrix of our
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VB basis of three singlet states and one triplet state is

1 52 2s
V2(14s2)
52 1 —=_ 0
S= 5 5 2(14s2) ,
=25 25
V2(1+s2)  4/2(1+s2) 0
0 0 1

which immediately reveals that while the three singlet VB states
remain orthogonal to the VB triplet state, they do not remain
orthogonal to each other. This results in the partial breakdown of all
the VB-based logical constructs that apply only to the infinite sep-
aration (no overlap) case. Among these are the distinction between
ionic and covalent states, the distinction between closed and open
shells, and (especially) the definition of formal oxidation states.

Now let us start again, but this time describe the same two-
orbital, two-electron model in terms of the MO picture. This begins
by constructing molecular orbitals as linear combinations of the
fragment orbitals,

— 1 i
@ = m(a +b), m bonding MO
and
_ B . .
Ox = m(a b), m antibonding MO.

Here we have assumed that the orbitals a and b are quasi-
degenerate so that we can specify their linear combination by
inspection rather than by performing a variational calculation. This
will often be a good approximation for the Class B Ru-NIL com-
plexes. These molecular orbitals are orthogonal by construction.
We can now build MO basis states by assigning the electrons to
these molecular orbitals and constructing products of the occu-
pied orbitals. If we assign both electrons to the m-bonding MO,
the so-called ()2 configuration, we obtain an approximation to
the electronic ground-state wavefunction (the so-called principal
configuration wavefunction),

1
Dcsy

9P| = yriysy(1a@) + abl — (ab] + bb])
= ﬁ{llllcm + 1Weso + v/2(1 + 52) 1)

Here we designate a MO basis state with the symbol @, and have
substituted the expression for the MO ¢ in terms of orbitals a and
b, expanded the products, and then collected terms to project onto
the VB basis states. If we assign both electrons to the m-antibonding
MO, the (7*)? configuration, we obtain

"5y = 19+ @ x| = 5—;{ladl — (lab| — [ab]) + b))

= 2(%4)“4@51 + Wy — 1/2(1 +52) 1Wg)

which is a different linear combination of the three singlet VB basis
states contained in ! ®cg;.

We could now construct the open-shell singlet and triplet MO
states by analogy with the open-shell VB states, but it is instruc-
tive to build the constituent Slater determinants in terms of the
molecular orbitals. These are

- _ 1 = - - _ -
o * | = 2\/g{laa\ (lab| + |ab|) — |bb|}
= 2\/:77{1‘1’@1 — Wy} — %3‘1’05
and
- _ 1 - T - -
lpp | = —zﬂ{ |aal + (|lab| + |ab]) + |bb|}

1 _1y, 1y, _L3q/
2«/@{ cs1+ Wes2t — 57 Wos

which canbe seen to be impure spin states because each is a mixture
of singlet and triplet states. The appropriate linear combinations of
these two determinants to obtain pure spin states are

L ("1 — 1Wcsy)

'Pos = J5llpp | = 199+ 1) = o=

and
3Pos = %{IW’* [ +1pp x|} = —3Wos.

As there is only one triplet state, it is necessarily the same state in
both the VB and MO pictures (the overall sign of the wavefunction
is arbitrary), but it can immediately be seen that there is not a one-
to-one correspondence between the MO and the VB singlet states;
all three VB singlet states are contained in the two closed-shell MO
states, and the open-shell MO state projects only on the two closed-
shell VB states. This leads to the counter-intuitive result that there is
no singlet biradical character in ' @gs even though it has the same
(m)(m*)! electronic configuration as the MO triplet state, and that
state is a triplet biradical. It is also true that @qs will necessarily
be higher in energy than 3@ if s ++ 0 because of the orthogonality
of the MOs. This result does not (in itself) rule out the possibility of
a singlet biradical electronic ground state because ' ®gs does not
correspond to W qs.

What MO state does correspond to the VB singlet biradical state?
This discussion has alluded to “basis states” in both the VB and
MO sense, and even “resonance” in the VB sense, but has so far
skirted the issue of “configuration interaction” (CI), which is often
a necessary tool to obtain an accurate approximation to the true
electronic ground-state wavefunction and energy. In the configu-
ration interaction approach, the trial wavefunction is expanded as
a linear combination of the basis states, and the variational princi-
ple is employed to minimize the electronic energy by varying the
expansion coefficients. In the VB approach, this is the quantitative
implementation of the concept of resonance. In the MO approach,
the level of CI can vary from the inclusion of a few key electronic
configurations to “full-CI” that includes all possible configurations
for a given basis. Open-shell character in fragments is generated
through the inclusion of configurations in which a pair of electrons
is excited from a bonding orbital to its corresponding antibonding
orbital. This type of CI is known as the “generalized valence bond”
approach, or GVB-CI.

If we construct a GVB-CI wavefunction for the case of our Ru-NIL
model, we obtain

1Pevp = /1 - v210@| + V19 * @ x|

where y is a parameter that is determined by minimizing the elec-
tronic energy of the GVB state. If the variational procedure happens
to specify y = —1/+/2, then

1
Dcys

Z5{10p! — 1o px 1)

=% {—ﬁ(wfcm - W) + ) 125 llPos}
which in the limit of s — 0 gives
1®gyp = 'Wos.

Thus, we see that the MO description of a singlet biradical state is
through the GVB-CI state that happens to have coefficients of ' @cs;
and ' @cs; of equal magnitude. While this commonly occurs when a
bond is being dissociated to open-shell fragments, the dividing line
between dominant closed-shell and dominant open-shell character
is somewhat arbitrary. Clearly, if the percentage of 1®cs, in the
GVB-CI wavefunction of a complex is somewhere between 25% and
the limiting 50%, there is ample justification in designating it as a
singlet biradical.
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It should be noted that the so-called “anti-ferromagnetically
coupled” biradical state that is sometimes obtained in a broken-
symmetry (BS) DFT calculations corresponds closely to a GVB-CI
state except that it is not a proper spin state. In the present case, the
BS state would first be approximated using the fragment-localized
orbitals a and b in a trial MO wavefunction by

Yl _ |ab)

and then variationally optimized. The result would be a “state”
based on two new orbitals, ¢ and d, which are linear combinations
of orbitals a and b,

- 1+ 52 1-s2
Wps =lcd| =4/ 5 1‘1’05-1-\/ 3 3Wos.

Because DFT is intrinsically a single-configuration method, the BS
approach must sacrifice the accurate description of the spin state
in order to optimize the spatial part of the wavefunction. This
approach, owing to the inclusion of electron correlation through
a correlation functional, can often yield the most accurate approxi-
mation that is practical to the true electronic energy of the system,
but because it is a single-configuration method that starts with a
biradical wavefunction, it assigns all states for which the BS energy
is lower than the high-spin (in the present case, triplet) energy as an
anti-ferromagnetically coupled biradical state. This is often not the
correct assignment, especially when the orbitals ¢ and d collapse
to or closely approach the orbital ¢ of the closed-shell singlet MO
state 1@ (causing the contribution of the triplet state to vanish

or become significantly reduced).

In a complete active space, self-consistent field (CASSCF) cal-
culation on a Class B Ru-NIL complex, one generally employs an
active space larger than that of two electrons in two orbitals, but
nevertheless there are usually only a few of the many possible
configurations that are important (i.e., have non-negligible expan-
sion coefficients). The most common are of the GVB-CI type, but
sometimes open-shell MO configurations are also important. We
conclude this appendix with the identification of a “footprint” of
important CASSCF MO configurations for each of the singlet VB basis
states. (It should be reemphasized that the three singlet VB states,
TWes1, "Wy and 1Wqs, correspond to the three singlet resonance
structures in the Class B column of Scheme 2.) This is accomplished
by inverting the transformations derived above for expressing the
MO configurations in terms of the VB basis states. This gives

7/ 2(1—5s2)

1+s 1-s
TWesy 2 2 2 Tdesy
"Wesa | = 1+s 1-s _ 20 -5%) 1Pcsy |
1 2 2 2
Wos 1+s _1-s 0 'Pos
\/2(1+52) \/2(1+52)
which in the limit of s — 0 becomes
1 1
TWeg 2 2 V2 1dbcsy
1 lI/CSZ l l — i 1 (pCSZ
: 2 2 2
Yos 1 1 1o
— o0
V2 V2

The 3 x3 s=0 transformation matrix is symmetric and self-
adjoint, so it is its own inverse, and defines the transformation in

either direction, i.e.,

r 1 1
1dbcsy 2 2 V2 B2
1 1 1
1 _ 2 - o 1
Dcsy | = 5 5 7 Ucs2
1 @os 1 1 0 1 lI/OS
V2 V2

If the fragment orbitals were not degenerate, but orbital a
was somewhat lower in energy owing to substituent effects, then
this picture changes slightly. If, in the zero-overlap regime, ¢ =
(v/3/2)a+(1/2)band g« = (1/2)a — (+/3/2)b, then the above trans-
formation would more strongly favor Ru'-NIL%* in the principal
configuration:

3.1 6
1 2 1 4 1y,
Pest] 1] 3 N3 Fesi
Desy | = | - e A Ucss
1 [0)) 4 4 4 1 177
0s V6 V6 V2 0s
4 a2

Similarly, if the polarization of the m-bonding MO favored orbital
b, e.g., ¢ =(1/2)a+(v/3/2)b and @« = (v/3/2)a— (1/2)b, then the
principal configuration would have substantial Ru!V-NILRed char-
acter.

In summary, we have shown that the principal configuration
MO wavefunction is the result of a resonance among all the singlet
VB states with significant singlet biradical character, i.e., has sig-
nificant Rul!—NIL* character. Valence configuration interaction can
shift the balance of this resonance to favor either more Ru"-NIL%*
or Ru"-NIL® character, e.g., a GVB-Cl with the opposite sign for y as
defined above can diminish or eliminate the Ru"-NIL® character,
and open-shell MO configurations can enhance or diminish Ru!V-
NILRed character. Non-degeneracy of the Ru dm and NIL 7* orbitals
can shift the balance among the resonance structures as well.
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