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“[...] Oui, mes amis, je crois que I'eau sera un jour employée comme combustible,
que I'hydrogene et I'oxygene, qui la constituent, utilisés isolément ou
simultanément, fourniront une source de chaleur et de lumiére inépuisables et
d’une intensité que la houille ne saurait avoir. [...]Je crois donc que lorsque les

gisements de houille seront épuisés, on chauffera et on se chauffera avec de l'eau.

L’eau est le charbon de l'avenir.” (Cyrus Smith)

Lile Mystérieuse, Jules Verne, 1874.
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Photosynthesis is the biological process by which photons from the sun are captured and
the energy is stored into the energy-rich carbon molecules needed to power life. Inspired
by this process, artificial photosynthesis seeks to use water and sunlight to obtain Hz as
a carbon free fuel Alternatively, CO; can be captured in the form of the so called “solar
fuels” or other reduced products to be used for industrial applications. Thus, the
paramount importance of understanding the principles governing photosynthesis and
the steps occurring in the natural and artificial systems.

Chapter 2. Objectives (pages 41-44)

Chapter 3. Through Space Interactions in Dinuclear Ruthenium
Polypyridyl Complexes (pages 45-100)

3.2. Through-Space Ligand Interactions in Enantiomeric Dinuclear Ru
Complexes

A family of dinuclear Ru complexes of general formula [{Ru(T)(L)}2(u-bpp)]D+
(T=tridentate meridional ligand; bpp=tetradentate bridging ligand and L=monodentate
ligand, n=1 or 2) have been prepared and thoroughly characterized. In solution these
complexes display a global dynamic behavior in which the monodentate ligands undergo
a synchronized twisting motion.



3.3. Substitution Reactions in Dinuclear Ru-HBpp Complexes: an
Evaluation of Intrasupramolecular Effects

In the present paper we present a comprehensive work, including both experiment and
theory via DFT, of intrasupramolecular effects between two pyridylic type of ligands
bonded to Ru centers. The chosen dinuclear Ru complexes provide a scaffold that allows
framing two pyridyl groups in a manner that has not been achieved previously and thus
constitutes an excellent ground to explore the consequences of this particular

effect.

Chapter 4. New Insights Into Ruthenium Polypyridyl Complexes as
Water Oxidation Catalysts (pages 101-170)

4.2. The Bpp Catalyst Anchored on TiO: by Sulfonate Groups
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A new p-acetato-bridged complex with general formula in,in-[{Ru"(trpy*);2(u-bpp)(u-
AcO)J> (tpy* is 5-([2,2":6'2"-terpyridin]-4'-yl)-2-methylbenzene-1,3-disulfonate), was
prepared and fully characterized. Major alterations are observed on the sulfonated
compound when anchored onto TiOz covered ITO surface. The electrochemically
generated Ru"'-Ru'V form of the complex is not capable of oxidizing water but oxidizes
ethanol at pH = 1 (triflic acid).



4.3. The Electronic Structure of Higher Oxidation States Derived from
cis-[Ru''(bpy)2(H20)2]?* and its Photoisomerization Mechanism

O—Ru—0=124.5°

The attention is focused on the characterization of higher oxidation state species derived
from water oxidation catalyst cis-[Ru'(bpy)2(Hz20)2]?* (where bpy is the 2,2’-bypyridine
bidentate ligand) by means of EPR and XAS spectroscopy together with DFT and CASPTZ2
calculations. We have further analyzed the cis- to trans- photoisomerization process
suffered by his complex by means of DFT methodologies.

Chapter 5. Polypyridyl Ruthenium Catalysts for Hydrogenative CO2
Reduction (pages 171-196)
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A family of new mononuclear ruthenium complexes with general formula [Ru(T)(bpy)
(CYJ" (T = tridentate meridional ligand trpy or bid; bpy = bidentate ligand 2,2’-
bipyridine or Rz-bpy, where R = H, COOEt or OEt; n = charge ranging from 0 to +1) have
been synthesized and fully characterized. These complexes act as precatalysts for the
hydrogenative reduction of COz to formic acid. Further, their mechanistic pathways have
been investigated by means of DFT.

Chapter 6. Summary and Conclusions (pages 197-201)
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Chapter 1

General Introduction

Photosynthesis is the biological process by which photons from the sun are captured and
the energy is stored into the energy-rich carbon molecules needed to power life. Inspired
by this process, artificial photosynthesis seeks to use water and sunlight to obtain Hz as a
carbon free solar fuel. Alternatively, COz can be captured in the form of carbon-based
solar fuels or transformed into other reduced products having industrial applications.
Thus, it is of paramount importance to understand the principles governing

photosynthesis and the steps that occur in the natural and artificial systems.




General Introduction




Chapter 1

TABLE OF CONTENTS

1.1. Natural Photosynthesis

1.1.1. Light dependent processes
1.1.2. Water oxidation at PSII

1.1.3. Light independent processes

1.2. Bio-inspired Artificial Photosynthesis

1.2.1. Molecular photosensitizers

1.2.2. Molecular catalysts for water reduction
1.2.3. Molecular catalysts for water oxidation
1.2.4. Electrocatalytic COz reduction

1.2.5. Catalysts for hydrogenative CO: reduction

1.3. References

10

12

16

19
20
22
28

30

34



General Introduction




Chapter 1

1.1. NATURAL PHOTOSYNTHESIS

Photosynthesis is carried out by a wide variety of organisms. Most of the advanced
eukaryotic photosynthetic organisms have their photosynthetic mechanism isolated in
organelles called chloroplasts (Figure 1). Light capture takes place on the tylakoid
membranes and the light dependent reactions in their interior while reduction of CO>
to carbohydrates occurs in the stroma. The adenosine triphosphate (ATP) and NADPH,
the reduced form of nicotinamide adenine dinucleotide, produced in the light

dependent reactions are used in the Calvin cycle to reduce COz into carbohydrates.

H,0 co,

Chloroplast outermembrane

tylakoid membrane stroma

Light-dependent

reactions \ <
\ NADPH
\J‘> ATP

Chloroplast

02 innermembrane Suga rs

Figure 1. Representation of the overall photosynthetic processes occurring in chloroplasts. NADP*
and NADPH, nicotinamide adenine dinucleotide phosphate and its reduced form; ADP, Adenosine

diphosphate; ATP, Adenosine triphosphate.

Thus, the overall photosynthetic process can be divided in four stages;
a) Light absorption and energy delivery by the antenna systems.

b) Primary electron transfer to the reaction centers.

c) Energy stabilization by secondary processes.

d) Synthesis and export of stable products.
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The three earlier stages which compose the so-called light dependent processes are
carried out by pigment containing proteins that are integrally associated with the
membrane of the tylakoids, the membrane-bound compartments present inside the
chloroplasts. The latter stage can be referred to as the light independent or dark
processes which are promoted by freely diffusible proteins in the stroma, the

nonmembraneous aqueous interior of chloroplasts (Figure 1).

1.1.1. Light-dependent processes
Water oxidation and NADH production

In all oxygen evolving photosynthetic organisms (plants, algae and cyanobacteria) the
primary light induced processes take place in multisubunit protein complexes called
Photosystems I and II (PSI and PSII).[" 2 The structure and functional organisation of
both PSIB 4 and PSIIP! can in principle be simplified following the same basic steps.

( see Equations 1-4)
[ANT][Prc-A1-Az] + hv (Absortion) — [ANT*][Prc-A1-A2] (1)
[ANT*][Prc-Ai-Az] (EET)— — — [ANT][*Prc-A1-As] 2)
[ANT][*Prc-Ai-Az] (ET)—> [ANT][Prc*-A1"-Az | (3)
[ANT][Prc*-A1"-Az | (Stabilization)— [ANT][Prc*-A1-Az"]  (4)

Light absorption in photosynthesis involves a wide variety of pigments (chlorophyls,
carotenoids and phycobilins), the vast majority of which are contained in a light
harvesting antenna system (ANT) bound to the photosystem.[®1% (Equation 1) The
excitation energy is transferred from the light absorbing pigment of the antenna
complex to the photosystem through a series of efficient consecutive excitation energy
transfer (EET) processes. This electronic excited state energy is ultimately transferred
to a photochemically active pigment (Prc) (Equation 2). An electron transfer (ET)
process occurs from Prc to a primary acceptor cofactor (A1) leading to the formation of

the ion radical pair Prc*-A1” (Equation 3). This charge separation is further stabilized

6



Chapter 1

by a second electron transfer from A;” to a second cofactor (Az) as the physical
distance between charges increases (Equation 4). Thus, ET is a key step in the overall
transformation process of solar radiation into chemical energy.l'’ 12 The resulting
highly energetic Prc*” and Az~ are the oxidant and reductant species, respectively, that

initially drive the downbhill electron transfer reactions of photosynthesis.

PSI and PSII act as the solar energy power stations of the photosynthetic apparatus.

These two reaction centers work in series, promoting a linear electron transport from
H20 to NADP* as represented in the so-called Z-scheme (Scheme 1).12 1314

h
P680* Fy
. Y
s Pheo Fa/Fs
] v
o Q, Fd
2 J ¥ NADP+
& Q, FNR C
.g NADPH
€
3
& pc—qt P?OO Y,
Photosystem |
0, + 4H*
>Mn4
2H,0 \Y Cytochrome
i b,F Complex
~ VYpe80 )
Photosystem Il

Scheme 1. The Z-scheme of photosynthesis. The direction of electron transfer is shown in red, the

photoexcitations in black and the chemical reactions in grey.

Upon photon absorption by the PSII antenna complex the excited state is transferred
to the photoactive pigment P680 (corresponding to Prc in Equations 1-4) generating
the excited state [ANT][P680*-PheoQa]. A first light induced charge separation and

the subsequent stabilization process in PSII lead to the formation of the radical pair
[ANT][P680*-PheoQa™] ([ANT][Prc*-A1Az2-] in Equation 4) where Pheo is pheophytin

and Qa a special noncovalently and permanently bound plastoquinone-9 molecule.
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Thereafter, a fast Electron Transfer (ET) from Tyr161 (Yz) to P680* yields neutral

P680. The tyrosine radical Yz then, oxidizes the tetra-manganese cluster (Mna4).

The electron rich Qa™ transfers the electrons to the secondary quinone acceptor (Qg).
When a second photon is absorbed, Qg becomes doubly reduced, takes up two protons
and enters in the mobile lipophylic electron carrier system of plastoquinones
encharged of the electronic connection between PSII and the cytochrome bsf complex
(Cytbef).

Plastocyanines (PC) act as electron donors for P700*- in PSI. Light induced charge
separation at PSI gives rise to the reduction of bound ferredoxin (FX, FA, FB) which
then acts as electron donor for the soluble ferredoxin(Fd). Fd is used by ferredoxin-

NADP* reductase (FNR) to reduce NADP* to NADPH.

The two photosystems are situated along the tylakoid membrane of chloroplasts as
represented in Figure 2. This disposition has as direct consequence that the oxidative
and reductive processes take place in different reaction compartments. While water is
oxidized in the interior of the tylakoid (lumen), NADPH is produced in the

chloroplast’s stroma.

The proton uptake in the reductive reactions, combined with the proton release in the
oxidative transformations, gives rise to a transmembrane pH gradient (ApH). This ApH
is used by ATP-synthase for ATP synthesis, hence playing a crucial role as a proton

pumping enzyme, [15-17]



Chapter 1

Chloroplast stroma _ @
ATP
®
\ ]
P80 ] Cytochrome
P@II\) PQH, e Synt!mase
QEC . :
|

’
4
v
1
1
1
1
1
1
1
1
1
1
1
1
1
1
vYy

Thylakoid lumen

Figure 2. The structural model of the electron and proton transport chain in oxygen evolving
organisms. Electron transfer through the tylakoid membrane is shown in red, black arrows indicate
redox chemical process, and the light blue dashed arrows show proton transfer. OEC; oxygen
evolving center; PSI and PSII, photosystem I and II respectively; P680, photoactive pigment of PSII;
P700, photoactive pigment of PSI; PQ, plastoquinone; PQHb>, plastoquinol; PC , plastocyanin; Fd,
soluble ferredoxin; FNR, ferredoxin-NADP reductase; NADPH, reduced form of nicotinamide
adenine dinucleotide phosphate; ADP, Adenosine diphosphate; ATP, Adenosine triphosphate.
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1.1.2. Water oxidation at PSII

The Oxygen Evolving Complex

The oxidative splitting of two water molecules into molecular dioxygen and four
protons involves the intermediate storage of the four oxidising equivalents in a
functional unit referred to as oxygen evolving complex (OEC). The OEC is composed of
a tetra-manganese core with the general formula Mn4+OxCa. The quaternary electron
accumulation function of the oxidising site of PSII can be described as the S-state cycle,

(18-22] namely the Kok cycle (Scheme 2).

PSII cycles through five redox states designated So to S4, that depend on the number of

stored oxidising equivalents, where S4 is the oxidation state capable of oxidising water.

H*

\
P680* €«—— P680 0
P680 P680* / 2
s, 1,V [
P680*

% P680
l/ P680 ——> P680" 2 HZO

whs,—wls,”

H*

Scheme 2. The extended Kok cycle of oxidative water splitting. The oxidation states of the OEC are
symbolized by S; where i is the number of oxidizing redox equivalents above the lowest level So. Yz
is the tyrosinel61 residue and P680 is the photoactive pigment of PSII.

The stepwise oxidation of the OEC by P680* is mediated by the redox active tyrosine

Yz. The oxidation of Yz by P680" is in turn coupled with the release of a proton

10
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assisted by a hystidine residue (His190). Thus, proton coupled electron transfer

(PCET) makes the process energetically favourable (Figure 3, right).

GIn165

Arg357 Y;
P680 /l*‘m

‘\ His190 e /
Ala344 ; H |5190
) >’Glu189

Aspl70

His332

Glu333 ASP342

Asp61

His337

Figure 3. Left, Schematic representation of the structure and ligation of the MnsOxCa cluster.[?l
Right, PCET by Yz.

Information about the structure of the Mn40OxCa cluster and the nature and geometry
of its coordination sphere have been gathered using different techniques including X-
ray,[23-251 EXAFS[?5 261 and FTIR-spectroscopy.l?’-3%] Even though the number and
nature of Mn-mono-u-oxo-Mn and Mn-di-p-oxo-Mn bonds present in the structure is
still under discussion,!?¢ 31-33] all of the data supports the general formula MnsOxCa
and an active metal ligation role of bridging carboxylate moieties from vicinal
aminoacid residues of PSII protein complex. (Figure 3, left). These residues act as a
scaffold fixing the crucial distances between the metal centres and ligands (including

the substrate water molecules) during the catalytic cycle.

11
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1.1.3. Light-independent processes

The Calvin Cycle

The photosynthetic carbon reduction pentose phosphate pathway also referred to as
the Calvin cycle is one of the four known pathways that can catalyse the net fixation of
carbon dioxide in nature. The three other pathways are the reverse citric acid cycle
(reverse Krebs cycle),[?¥ the reductive acetyl CoA pathwayl3®5] and the 3-

hydroxypropionate pathway.!3¢!

) (@)
ADP o o o % N
c. _c. o\ N\ ~
ATP ¢” e e ° ' o L %
O\\P_,.o OH . O & o/'p\\
o\ - 3 c” o]
2 % RuBisCo o .
©  Ribulose 1,5-bisphosphate o
0 OH % o . 3-phospholglycerate
c. 07y, o
¢y ™ N
OH OH ow c. o N\
Ribulose 5-phosphate =c c o)
c',g-phospholglycerate
ATP
ADP
OH o\\ O
| A
0. .c. 0 o N
c c =c
11 Glyceraldehyde 3-phosphate 9, _o1.3-visphospholglycerate

O_R
N\
o %

5
NADP+ o~ \O NADPH

Figure 4. Simplified version of the porcesses defined by the Calvin Cycle.
The Calvin cycle is the primary CO; fixation pathway in higher plants. In the

chloroplast’s stroma ATP and NADPH, the products of the light induced reactions of

photosynthesis, are spent to reduce CO2 to carbon-sugar phosphates.3”] A simplified
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version of this complex cycle, involving the participation of eleven different enzymes

catalysing thirteen reactions, is represented in Figure 4.

The cycle is initiated by the enzyme Ribulose-1,5-bisphosphate Carboxylase/
Oxygenase (RuBisCO) catalysing the carboxylation of ribulose-1,5-bisphosphate
(RuBP) which acts as CO2 primary acceptor (step 1, Figure 4). The 3-phosphoglycerate
(3-PGA) formed is then utilised to form triose phosphates (step 2, Figure 4),
glyceraldehyde-3-phosphate (step3, Figure 4) and dihydroxyacetone-phosphate (step
4, Figure 4) via two reactions that consume ATP and NADPH. The regenerative phase
of the cycle involves a series of reactions that convert triose phosphates into the CO>

acceptor RuBP (step 5, Figure 4).

As result of the Calvin cycle, CO2 molecules are incorporated into the carbon-sugar
phosphate glyceraldehyde-3-phosphate (triose-P). Triose-P can be exported to the
cytosol where it can be utilised to make soluble sugars, sugar alcohols, soluble
oligosacarids or used directly for respiration and amino acid biosynthesis.
Alternatively, it can be retained in the chloroplast either to make starch or regenerate

the initial COz acceptor RuBP.

The RuBisCO enzyme

RuBisCO is the most abundant enzyme on earth. It is a bifunctional enzyme which
catalyses both the carboxylation and the oxygenation of RuBP. The oxygenation of
RuBP leads to glycerate-3-pandone and one molecule of glycollate-2-P, the latter is

used in photorespiration.

X-ray crystal structures of Rubisco from different organisms have been reported.[38-42
The holoenzyme form I of RuBisCO, present in the oxygenic photosynthetic organisms,
is a hexadecamer complex made up of eight small subunits and eight large identical
subunits arranged in four dimers. The active site that catalyses the initial CO; fixation
step of the Calvin cycle is located at the interface between the monomers of each

dimer.

13



General Introduction

coo®

?po“} HO—Cy—H
+H* B
HF,'C\. JOH 5 CH,
OPO, OPO,Z OPO,Z OPO,Z cC2 ) HO—C.
/ ! /T /T ~ coo 3
HyC HZC, o Hy _OH H:C OH ) H OPOs*
N NS N\ - \ . Carbanion
HO /CQ_O //Cg (o] /CQ"COOU HO. /Cg\ o . diat IPGA
~ -4+ Ho—] +CO.  o=¢ +H.0 ¢ coo 2H* intermediate
3 3 2 3 2 Ho  d
H CH, o&=—= CH, =— CH, —_— CH, — * ~
o/ 2 HO._ / HO._ /2 Ho /2 e
~Cs Cs ~Cs ~Cs cloof
\ \ - \
H 0PO2 H  oro. H  oro H oro, HO—Cs—H
RuBP Enediolate CKABP Gem-diol /‘cn2
HO*/CS
H OPOs*
3PGA

Scheme 3. Five reaction steps in the CO; fixation reaction catalyzed by RuBisco enzyme. Enolysation
of RuBP assisted by the abstraction of the C3 proton by KCX201, carboxylation, hydration, C2-C3
bond cleavage and stereospecific protonation of C» assisted by Lys175. All the aminoacid residues

refer to spinach Rubisco.3% 431

The enzyme is activated by the capture of COz by carbamylation of a crucial lysosyme
residue, Lys201 in spinach’s RuBisCO,13® 431 yielding KCX201 (Figure 5, right) which
then binds to a Mg?* ion. The octahedral coordination shell of the metal is completed
by Asp203, Glu204 and three more water molecules. Subsequently, a RuBP molecule
binds to the Mg?* displacing two of the aqua molecules (Figure 5, left). At this point,
the enzyme suffers a conformation change resulting in the occlusion of the active site
from the solvent. This “substrate trapped active site” catalyses the sequence of

reactions depicted in Scheme 3.

Even though the general reaction steps by which RuBisCO captures CO2 to react with
RuBP are now understood, there are still many uncertainties in the roles played by

some key amino acid residues proven to be critical in the process. [43-43]
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Figure 5. Right, the schematic representation of the structure and ligation of the active site of
RuBisCO with Mg?" and 2-carboxy-D-arabinitol-1,5-bisphosphate (2CABP) reaction-intermediate
analog used as inhibitor for Rubisco‘s crystallization.[4!> 46l In grey key amino acid residues proven to

be involved in crucial hydrogen bonding interactions (dashed lines).Left, carbamylation of Lys201.
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1.2. BIO-INSPIRED ARTIFICIAL PHOTOSYNTHESIS

The predicted escalation in energy demand in the near future,*” 48 added to the
increase of global consciousness about the impact of anthropogenic C0O2[*°-5% in the
planet’s climate, has stimulated the search of energy sources other than the
combustion of fossil fuels. Amongst all the known energy sources, solar power
represents the most promising renewable energy source. Due to the diffuse and
intermittent nature of solar radiation, a substantial use of solar energy will require

energy storage in a dense and transportable media via chemical bond formation.

Arising from the combination of knowledge from the diverse fields of research
contributing to the subject -chemistry, biochemistry, physics, materials science,
chemical engineering, environmental studies- many different strategies have been
employed to try to mimic nature’s ability to photocatalytically convert water into 02
and a reduced fuel material.l>3->%] The key elements and basic processes present in the
natural reaction centres must be functionally reproduced in all the artificial

endeavours, therefore they must all have at least three indispensable components;

a) A photosensitive material (S in Figure 6) capable of absorbing and generating an

electrochemical potential, thus acting as an antenna-reaction centre.

b) An electron donor moiety (Dox in Figure 6) capable of oxidising water as electron

source, mimicking the function of OEC in PSII.

c) An electron acceptor moiety (Ared in Figure 6) responsible for the final storage of the

energy by reducing the election precursors to a fuel.

A first approach into artificial photosynthesis is the so called photo-driven water
splitting process (I, Figure 6). Water is oxidised to dioxygen and the protons reduced

to dihydrogen (Equations 5-7). The latter could be used as a carbon free solar fuel.
2H20 — 02 + 2Hz (AG= 57 kcal/mol, pH=10) (5)

2H20(1) — 02(g) + 4H*(aq) +4e" (E°sx=-1.23V,pH=0vs NHE) ~ (6)
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2H*(aq) + 2e — H(g) (E°rea=0.00V, pH = 0 vs NHE) (7N

) H0 N . H,
WD) e S[Ce A .
\Ek

0, +H* H*

D)= >SC= >AEk

0, + H* H* +CO,

1) o) Fuel \
X
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2

02 + H* H*

Figure 6. Different setups of the three main components of artificial photosynthesis. The function of
artificial photosynthesis starts by photon absorption and activation of a photosensitizer molecule (S),
followed by the concomitant electron transfer of the excited electron from an electron donor (Dox) and
electron capture by an electron acceptor (Ared). The former catalyzes the oxidation of water to
dioxygen and the latter the reductive step for the production of Hz (I) or a carbon based fuel (II) by
COz uptake. Alternatively, a second CO; reduction catalyst can be used to obtain a fuel by combining
CO; and H: (TID).

A second approach, which is at an even less scientifically evolved stage, is the photo-
driven COz reduction in water media. It could be carried out by substituting the
hydrogen evolving moiety by a catalyst capable of electrocatalytically reduce CO: to a

high value reduced species (1I, Figure 6). Alternatively, the H2 generated in the water
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splitting setup could be employed, as it is in natural photosynthesis, by a third reactive

component (Catreq) to reduce COz (111, Figure 6).

From a chemical point of view, the design of a viable and well-characterised
photocatalytic artificial system can be tackled by a synthetic modular strategy.
Photosensitive molecules as well as molecular catalysts, representing discrete
modules, can be independently studied and optimised in view of their future assemble
in a solar fuel cell. A device designed taking advantage of the vast current knowledge
in the field of photovoltaics. Moreover, the basic physical principles and some of the
components of dye sensitized solar cells can be applied to solar fuel cells.’® 571 A
schematic representation of the composition and function of a solar fuel cell is

depicted in Figure 7.

>

-

PEM

|
|
|
|
|
[ e-
|
|
|
|

Cat__ 0, +4H* - —>2H+/cat’5d
ox I —
*2H,0

Reduction Potential (V)

I
|
|
|
|
|
|
|
]
]
|
]
]
|

Figure 7. Schematic drawing of the water-splitting photochemical cell. In red the electron transefer in
the cell, the orange arrows the excitation-quenching-regeneration process of the dye, light blue

dashed arrow represent the proton transfer and in grey the chemical reactions are shown.

Light induced excited states of the chosen photoactive chromophore (S*) inject
electrons to the semiconductor’s (TiOz) conduction band (CB). Following, the oxidised
S* moiety is regenerated (S) by oxidising the water oxidation catalyst (Catox). The

electrons from TiO; are transferred through an electron conductive circuit to a
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platinum cathode (Pt) and subsequently to the hydrogen production catalyst (Catred).
Like in PSI andPSII, in a solar fuel cell the two electrochemical reactions, and
consequently the generation of the two gases, occurs in different compartments. The
pH difference in the two compartments is balanced through a proton exchange

membrane (PEM).

While some progress has been made mimicking crucial steps of photosynthesis in
artificial systems, researches have not yet developed sufficiently efficient and robust
components to be incorporated into a working device for large scale solar fuel
production. To date, the main focus of research in the area has been the design and
synthesis of molecular photosensitizers and the reduction and oxidation catalysts.
Current advances in these key molecular systems for artificial photosynthesis will be

discussed in the following sections of this chapter.

1.2.1. Molecular photosensitizers

The light harvesting moiety is a crucial element in artificial photosynthetic devices.
The properties required from a photosensitizer may vary from one device to another
depending on the specific setup (Figure 8) and the nature of the other components in
the device. However, there are some requirements that any photosensitizer must
fulfil :

-Absorption bands with a high intensity in a wide range of the visible, near-IR and IR

regions.

-Redox properties in the ground and excited states that ensure fast and efficient

charge injection into the semiconductor’s conduction band.
-Reversibility of the S*/S redox pair.

As a result, the photosensitizers of choice are usually transition metal complexes with

polypiridines, porphyrines or phtalocianines as ligands.[8 >

These primary photoactive chromophores, like natural pigments, don not absorb

equally at all wavelengths. Inspired by the natural systems, sophisticated artificial
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antenna complexes have also been investigated in order to increase the overall
efficiency of solar radiation capture. Generally, these complex architectures combine
several primary photosensitizers linked by covalent bonds and/or supramolecular
interactions to a central site where all the excitation energy is delivered and the

electrochemical potential is generated.[60-68]

S
Cat

ot i
Cat

e —————— —

Heterogenized “S” Heterogeneous dyad

Figure 8. Representation of two of the most viable setups for one of the compartments of a solar fuel
device. Pt, semiconducting electrode surface; S, photosensitizer moiety; Cat, oxidation/reduction

catalyst.

1.2.2. Molecular catalysts for water reduction

Nature catalyses the two-electron redox proton-to-hydrogen conversion (Equation 7)
and its reverse process by using a variety of enzymes referred as to hydrogenases(¢% 70
which are responsible for physiological pH regulation. Hydrogenases can be classified
in three categories based on their metal content; [NiFe], [FeFe] and metal-free. Even
though there are some examples of Iron and Nickel-based catalysts that have been
reported to mimic these natural enzymes,[71-73] within the framework of synthetic
homogeneous catalysts for hydrogen production most catalysts involve precious

metals as iridium, platinum and cobalt.[7+77]
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Figure 9. Some recent representatives of catalysts for hydrogen production from water. A,
Ruthenium-Cobaloxyme photocatalysts!’® Fe-Fe catalyst adsorved onto InP nanocrystals (orange
sphere) 731

Some innovative examples, have accomplished the photo reduction of water using
different strategies.[”> 78 7°1 For example, Artero and coo-workers have reported two
ruthenium-cobaloxyme photocatalysts for hydrogen production achieving up to 103
turn over numbers ( A, Figure 9).7¢] Going back to the Fe-Fe hydrogenase-mimicks,
Naan et al. have developed a nanophotocathode, in which a gold electrode is covered

with InP nanocrystals intercalated with adsorbed catalyst molecules (B, Figure 9).173!
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1.2.3. Molecular catalysts for water oxidation

Water oxidation is the half reaction in artificial photosynthesis responsible for the
electron and proton supply for the production of dihydrogen or other reduced
materials. The molecular complexity of this reaction, that involves a four-electron
oxidation coupled with proton transfer and O-0 bond formation, is the origin of the

large activation barriers generally associated with it.

Although there are many reported examples of attempts of both structural and
functional analogy to the OEC with synthetic manganese compounds,[%-8¢] to date non
of them has been successful to reproduce its function or spectroscopic properties.
However, molecularly well characterised synthetic complexes mainly based on Ru and
Ir, but also on Co and Fe, have proven to catalytically oxidise water to dioxygen in

homogeneous phase.

Polypyridyl aqua Transition Metal complexes

The Ru-H20/Ru=0 system discovered by Thomas ]. Meyer’s group more than thirty
years agol®”] constitutes the base for the activity of most of the Ru water oxidation
catalysts. As we have seen for the PSI], ruthenium aqua polypyridyl complexes take
advantage of PCET processes to, by concomitantly losing protons and electrons, reach
high oxidation states within a narrow potential range (Scheme 4). Moreover, by PCET

high energy oxidation intermediates such as radical species are avoided.

_1H -1e -IH" -1e
Ru'-OH, = ~ RuOH = ~ Ru'V=0
+1H" +1e” +1H" +1e

Scheme 4. Proton coupled electron transfer processes in ruthenium aqua complexes.
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If 2e- and 2H* can be obtained from the Ru-H20/Ru=0 system, the design of complexes
containing two Ru-aqua groups seems a rational approach to fulfill the 4e- and 4H*

required for the oxidation of water to Ox.

Invoking the natural strategy of cooperation between metal centers, in the early
1980’s Meyer et al. reported the first homogeneous water oxidation ruthenium
catalyst now known as “the blue dimer” (A, Figure 10) which, in the presence of excess
of Ce'V gave 13.2 turnover cycles.!%8] Significant progress has been made since then in
the development of polynuclear ruthenium complexes bearing polypyridyl ligands for
catalytic water oxidation.[8°°11 For instance, in 2004 Llobet et al. replaced the oxo
bridge by the more robust and rigid polypyridyl dinucleating ligand Hbpp (3,5-bis(2-
pyridyl pyrazole)) in complex in,in-[{Ru"(trpy) (H20)1}2(u-bpp)]3* (B, Figure 10). Using
Ce'V as chemical oxidant this complex generates dioxygen very rapidly giving TON

close to 200, under optimized conditions.

Following a similar strategy, Thummel et al. synthesized a octadentated ligand which
acts as hexadentated in [{Ru"(pic)(u-Cl)}2(u-binapyr)]®* (C, Figure 10). This catalyst
gave significant TON (538) when more than 9000 equivalents of Ce!V were employed

as external oxidant.[8%]

Another important ruthenium dinuclear catalyst is the [{Ru"(tBuzQuinone)(OH)}2(u-
btpyan)]?* reported by Tanaka et. al. (D, Figure 10). The redox active ligands
(tBuzQuinone) are thought to act as an electron pool in the catalytic process. When
adsorbed onto an ITO electrode at pH = 4, this catalyst was reported to undergo 6730
TONSs upon the application of 1.7 V vs Ag/AgCl.[%% 93]
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— =
N

LT Ru

tBu

Figure 10. Representative dinuclear ruthenium water oxidation catalysts. 88, 92, 94,951

Many mechanistic studies have been carried out for these dinuclear catalysts.[?6-101]
Even though multiple different proposals have been made over the years, for the
different catalysts and by different authors, only few have reported experimental data
that sustains them. Summarising these studies, the intra-, inter- or bi-molecular 0-O
formation may be considered as the most plausible pathways for this complex reaction
(Scheme 5).
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Scheme 5. Proposed water oxidation pathways for dinuclear ruthenium catalysts. Pathway a,
Intramolecular O-O coupling followed by reductive elimination of the neighbouring ruthenyl
oxoatoms;98-100, 102, 103] pathway b, Nucleophilic attack by solvent water to a ruthenyl oxo atom
assisted through hydrogen boding by the second metal center; 191 IPathway c, bimolecular O-O

coupling involving two catalyst ions [°8: 1001

Complementing the previously mentioned dinuclear catalysts, a series of ruthenium-
monoaquo complexes bearing multidentate polypyridyl ligands have been found to
work as mononuclear homogeneous catalysts for water oxidation undergoing
hundreds of TON’s[®% 104-106] gnd even in one case exceeding 1100 TONs with complex
[Ru(trpy)(pynap)(Cl)](PF¢) (E, Figure 11) (trpy is 4,4’-terpyridine; pynap, 2-
(pyrodyl-2’-yl)-1,8-naphthyridine).['7] These catalysts provide a different catalytic
scenario in which the intramolecular 0-O bond formation is not possible. The studies
reported to date, point in the direction of a mechanism involving nucleophilic attack

by solvent water forming peroxidic intermediate species (Pathway B, Scheme 5).[108
109]
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Figure 11. Representative mononuclear precursor compounds of water oxidation catalysts. E, [Ru
(trpy)(pynap)(CD](PF6)11071; F, [IrCp*Cl(ppy)]I"%; G, Fe complex coordinated with a tetraamido

macrocyclic ligand!'!l

Even though the activity of these catalysts has mostly been tested using a sacrificial
chemical oxidant as Ce!V (Scheme 6), there are some cases in which mono- or
dinuclear ruthenium-polypyridyl catalysts have been anchored/absorbed on
heterogeneous surfaces,[112-115] enhancing thereby their stability and, potentially, their
productivity. One step further, there are a few cases which have proven undergo

photo-induced water oxidation catalysis in the presence of a photosensitizer moiety.
[116-118]

4 Ce'V 4 H*+ O,

\C‘al:/

4 Cell 2 H0

Scheme 6. Chemical oxidation by Ce!V as sacrificial oxidant

In 2008 Bernhard and co-workers!''°] reported the first iridium water oxidation
catalysts. Oxygen evolution by cis-[Ir'"(ppy)2(Hz0)2]* (ppy = 2-phenyl pyridine anion

and functionalized derivatives) catalysts, was confirmed by GC and quantified by a
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pressure transducer, reporting spectacular TONs in the order of 2500. This singular
catalyst evidenced the potential applicability of transition metals other than Ru and
Mn in this important oxidation process. More Ir-based catalysts have been reported
since then with really promising performances.['1%122] For example Crabtree and
coworkers achieved 1500 TNs and TOFs of 0.9, with complex [Ir'"'(Cp*)(ppy)(Cl)] as

catalyst precursor (F, Figure 10).[110]

A unique example with iron, the Fe complex coordinated with a tetra-amido
macrocyclic ligand depicted as G in Figure 10, has recently been reported by Bernhard
and Collins to achieve moderate TON but TOFs amongst the highest reported in the

literature (up to 1.3 s') for this oxidative process.!'11]

Transition Metal oxo clusters with Polyoxometalate ligands

Polyoxometalates (POMs) are placed at the borderline between molecules and
extended solids. Some POMs are capable to act as inorganic ligands through
encapsulation of metal clusters. Following this approach, Shannon et al. reported in
2004 the first Ru-POM water oxidation catalyst containing [Ru'">Zn2(H20)2(ZnW9034)

2]** which worked electrocatalytically giving quite low efficiencies and TONs.[123]

A very important breakthrough in the field was the POM complex Csio[Rus(p-0)as(p-
OH)2(H20)4(y-SiW10036)2] (H, Figure 11) published independently and nearly
simultaneously by the groups of Bonchiol'?4 and Hill[*?5], This catalyst was reported to
achieve 450 cycles of dioxygen formation (TONs) at considerably high rates reaching,
under optimised conditions, 0.13 TON/s"1.[126] More recently, a Cobalt based POM has
also been published as water oxidation catalyst.['?”1 The interest of these complexes
lies in two aspects; the totally inorganic core that prevents the intermolecular catalyst-
with-catalyst deactivation pathways previously observed with polypyridine containing
catalysts, and the impossibility of intramolecular O-O bond formation due to the large
distance between M-OH moieties in their structure. Based on kinetic studies on
compound H and supported by DFT, water nucleophilic attack has been proposed as

the most plausible pathway.!126.128]
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Figure 11. Right, X-ray of the cation [Rus(p-O)s(u-OH)2(H20)4(y-SiW10036)2]'0".11241 Left, schematic

representation of the tetra-ruthenium core and in green the inorganic ligands.

Electrochemical water oxidation was successfully achieved when the Rus-POM
catalytic system H was immobilised on carbon nanotubes deposited on an ITO covered
electrode.l'?!Additionally, photoinduced oxygen evolution with this POM system was
reported in homogeneous phase, activated by a tetraruthenium photosensitizer

molecule.[*30]

1.2.4. Electrocatalytic CO2 reduction

Reduction of CO: is a difficult task because of its high stability as the most oxidised
carbon compound. High reduction potential is required for electrochemical activation
of COz (-1.9 V vs NHE/-2.14 vs SSCE) giving unstable CO2". Additionally, rapid
reduction involves an over-potential of 0.1-0.6 V. These difficulties can be overcome by

the use of PCET in the reduction of CO. As was the case in water oxidation, from a
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thermodynamic point of view, the more reduced the product obtained, the PCET multi-

electron reductions become more favourable as can be seen in equations 8 to 13.

CO2 + e- —=CO2~ (E®rea =-1.90 at pH7) (8)

COz +2H+ +2e- — HCOOH (E°rea=-0.61 at pH7) 9)
COz +2H+ +2e- — CO + H20 (E°rea=-0.53 at pH7) (10)
COz2 +4H+ +4e- — HCHO + H20 (E°ea=-0.48 at pH7) (11)
CO2 +6H+ +6e- — CH30H +H20 (E°rea=-0.38 at pH7) (12)
COz +8H+ +8e- — CH4+2H20 (E°rea= -0.24 at pH7) (13)

Many different metals, such as Hg, Pb and Co amongst others, have been used as
electrodes for the reduction of COz in organic solvents and in water.['31 1321 The most
common products are formic acid, oxalate and carbon monoxide. Although examples
of reduction of COz into methanol and methane have been reported, in these cases

data on the mechanism of the process is lacking.

Metal complexes are good candidates to be used as catalysts in the transformation
reactions of CO2. Three main types of transition metal compounds have been studied

so far as homogeneous catalysts for electrocatalytic CO2 reduction:

I) Metal complexes with macrocyclic ligands were the first electrocatalysts reported

for this reductive process. The Ni, Co and Fe catalysts produced almost exclusively
C0.[133-137]

II) Polypyridyl metal complexes having Re, Ru, Os Co,Fe, Ni, Cu, Pd and Rh as metal

centers produce mainly CO and HCOO.[138-146]

I1T1) Phosphine complexes of Rh, Pd and Ni yield CO in acidic acetonitrile and DMF as
solvents.[147-153] Also found in this category, Fe and Co complexes containing
polyphosphine ligands and weakly coordinated solvent molecules of general
formula [M(Phosphine)s(CH3CN)x]™ lead mainly to HCOOH.[*54]
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In most cases, the production of formate by electrocatalytic CO2 reduction promoted

by transition metal complexes is thought to occur as represented in Scheme 6.

M ) COz, 1e-

Scheme 7. General mechanism of electocatalytic CO; reduction to formic acid. A first coordination of

COsz to the metal center followed by a sequence of ET, PT, and PCET steps.

Some of these catalysts have also been tested supported on polymer films in pure

water solutions or in mixtures of organic solvents with water.[155 156]

1.2.5. Catalysts for hydrogenative CO2 reduction

Heterolytic activation of dihydrogen by transition metal complexes has widely been
used in catalytic hydrogenation of polar bonds. The heterolysis process typically
proceeds in the manner that H* is stripped from the M-H; moiety with the assistance
of an external base or internal ancillary ligand, leaving H™ on the metal centre (Scheme

7).1157]

B

H. B Y B
W M;EL» we! | —

Scheme 8. General mechanism for the heterolytic cleavage of dihydrogen to yield a metal hydride.
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Transition metal hydrides have been of high interest for many years because they
often play an important role as intermediates in catalytic redox processes such as CO>
reduction.['58-1601 Thus, hydrogenative CO: reduction by TM catalysts represents a
promising option for the use of carbon dioxide as building block for the synthesis of

useful chemicals.

Even though, there have been many reports in the literature describing this process by
homogeneous TM-catalysts mainly yielding CO, formic acid and its derivatives,[161-165]
the hydrogenative reduction of COz with a catalytic system to be used at large scale is
still an unsolved challenge. The major reasons for the difficulty of these reactions are
that they are thermodynamically unfavorable, they involve many electron processes

and the reaction with at least two gas molecules.

The first step in this reductive process is the insertion of CO2 in a metal hydride to
form formate anion. There are potentially two ways by which this reaction can

proceed:

1) The formation of a mono-dentate formato complex, which in some cases is in

equilibrium with the bi-dentate formato complex (I, Scheme 9).
2) Generation of a hydrocarbonyl metal complex (II, Scheme 9).

To date, the one that predominates is the first case due to the general instability of the

metallocarboxylic acid complex.

H

i A
O M—H + ﬁ —_— M—O o

o}

0

Il _-OH
a) M—H + ﬁ — M_(i\

o}

Scheme 9. Two main pathways for CO; insertion into a metal hydride.
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Rhodium, Ruthenium and to a lesser extent Iridium are the TM more commonly used
in catalysts for the conversion of CO2 to formic acid, formic acid esters and

formamides.

Amongst Rh! catalysts, those with general formula [Rh(H)(diphosphine)] are the most
active.[163 166-169] For example, in the case of the [Rh(H)(hfacac)(dpcb)] (hfacac=
hexafluoroacetylacetonate) (A, Figure 12) catalyst containing the dpcb (Cy2P(CH2)
4PCy2,) bulky ligand hydrogenations proceed efficiently at rt. with relatively low

pressures (41 bar) in DMSO (with NEt3) yielding HCOOH (TON 3005, TOF 1335 h-1).
[170]

In the case of ruthenium, Cp- and phosphine-containing complexes have been
extensively studied.['61171-175] [ the latter case, the use of scCO: as solvent increases
significantly their performance,['7> 176 achieving up to 28 500 TONs and 95 000 h-1
TOF with [Ru(Cl)(OAc)(PMes)] (B, Figure 12).0174]

More recently, Ir based catalysts have been introduced in this field,['77-17°] achieving in
the case of the [Ir''(PNP)] (C, Figure 12) (PNP, 2,6-bis((diisopropylphosphino)methyl)
pyridine) catalyst reported by Nozaki and co-workers the remarkable TON of 3500
000 and TOF 150 000h* in aqueous KOH generating potassium formate.[18

[NiClz(dcpe)] (D, Figure 12) (dcpe=Cy2P(CHz):PCy2) is the most active complex for
hydrogenative CO2 reduction of the other TM catalysts (Ni, Fe, Mo, Pd),['81 but still its
performance results in TONs and TOFs really far from the obtained with Rh, Ru and Ir

containing catalysts.[161]

In most of the above mentioned catalytic systems an amine acts as promoting agent
for the process. The positive effect of the presence of an amine in the media is
attributed to the conversion of the formed acid into ammonium formate. The
thermodynamics of the process are improved as a consequence of the formation of the
weaker acid HNRs*, having a Ka four to five orders of magnitude smaller than formic
acid. The amine is also thought to play, in some cases, an important role in the
heterolytic cleavage of the coordinate hydrogen molecule that yields the hydride
species. Therefore, ligands bearing pendant amines were found to improve the
catalytic activity of the catalysts.[171,182]
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Figure 12. Some significant representatives of the different types of molecular hydrogenative CO>
reduction catalysts. A, [Ru(Cl)2(OAc)(PMe3)4].1'761 B, Rh(hfacac)(dpcb).165IC, [Ir'''(PNP)(H)3].1'80ID,
[NiClz(dcpe)]i18tl

The differences in the coordination chemistry of the diverse metal centres and the
variable number of labile positions on the structure of the catalysts have given rise to
the proposal of very diverse mechanisms but, in most cases, there is a lack of

substantial experimental data supporting them.
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Chapter 2

Objectives

Science evolves as an accumulation of little steps. Accordingly, all of the previous
knowledge and concepts discussed in Chapter 1 have contributed to choose the starting
goals of this thesis. The following points are the initial ideas from which this work was
originally designed. On occasions, the course of research deviated us from the planned

direction. Fortunately, all the unexpected discoveries one encounters on the way are

what make research so challenging and at the same time so fascinating.
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OBJECTIVES

The aim of this work focuses on three main topics:

(a) The synthesis and study of the electrochemical and spectroscopic properties of
new ruthenium polypyridyl complexes where the interactions occur at a

supramolecular level.

(b) The study of the application of ruthenium polypyridyl complexes as catalysts

precursors in highly important reactions like water oxidation and COz reduction.

(c) The computational study of selected phenomena regarding these ruthenium

polypyridyl complexes.

Therefore, the first objective of this work was to synthesise and study dinuclear
ruthenium complexes containing the bpp- ligand combined with different
monodentate and tridentate meridional ligands in order to gain a deeper insight into

the processes occurring at the molecular level.

Regarding water oxidation, the second objective included the synthesis and
characterisation of a new dinuclear ruthenium water oxidation catalyst to be anchored
onto TiO2 semiconductor films to test its potential as a water oxidation electrocatalyst.
Additionally, a combined experimental and computational study of the nature of the
species related to the previously reported [Ru'(bpy)2(H20)2]** water oxidation

catalyst was proposed to get deeper comprehension of the system.

Finally, we were also interested in employing the rich chemistry of ruthenium
polypyridyl complexes towards the discovery of new ruthenium CO:; reduction
catalysts. Our approach was to screen different catalysts supplemented with

theoretical calculations.
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Through Space Interactions in Dinuclear
Ruthenium Polypyridyl Complexes

The present chapter deals with a study of the intra-supramolecular interactions for Ru
dinuclear complexes with general formula in,in-[(Ru(T)(L)]2(u-bpp)]"**. With L being
different monodentate bulky ligands and T the 2,2":2',6-terpydidine (trpy) neutral
meridional ligand or the bis-pyridyl-indazolate (bid) anionic tridentate meridional
ligand. The effects of the nature of the meridional and monodentated ligands on the
structure, electrochemical and spectroscopic properties are studied. A deep analysis of
the kinetics of the dynamic process by the line-shape analysis Dynamic 'H-NMR
technique and a UV-vis spectroscopy study of the kinetics of monodentated ligand

exchange are reported. Both studies are supported by theoretical calculations.
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3.1. INTRODUCTION

Over the last three decades, the rich coordination chemistry of ruthenium has been
actively studied.'¥! The relative ease with which mixed-ligand complexes can be
prepared by controllable stepwise methods, the kinetic stability of this metal in
diverse oxidation states and the often reversible nature of the redox couples, make

ruthenium complexes particularly appealing targets of investigation.

In particular, ruthenium complexes coordinated to different polypyridyl ligands have
received growing attention for their unique spectroscopic, photophysical,
photochemical and electrochemical properties.[> ¢ Additionally, the popularity of
these compounds arises from the ease with which these properties can be tuned
through the use of different ligands and/or functionalizations. Thus, enabling a

rational design of ruthenium complexes with the desired qualities.

3.1.1. Polynuclear ruthenium polypyridyl complexes

Ruthenium (II) polypyridyl complexes are particularly useful building blocks to design
and synthesize photoactive and redox active multicomponent (supramolecular)
systems. Whereas the coordination chemistry of mononuclear ruthenium complexes
has been well established and their photophysical, photochemical and redox
properties have been thoroughly studied, much less data is available regarding their

polynuclear counterparts.

Attention on ruthenium polypyridyl coordination polymers, grids and rods has
increased over the last decade.’"1% The capacity to perform photoinduced energy
migration and charge separation processes makes them good candidates to be used in
molecular scale electronic devices.l” 1113 Therefore, many coordinatively saturated
and rugged dinuclear ruthenium polypyridyl complexes have been reported for the
fundamental study of the electron transfer process that occur in these complex

systems.[7-16.17]
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Otherwise, the presence of chemically, photochemically or thermally labile ligands in
the dinuclear complex’s structure, opens the possibility to generate vacant positions.
These empty coordination sites can interact with substrates promoting chemical
transformations in which one or the two metal centers are involved. This feature has
been exploited in numerous catalytic processes.['8-28] Furthermore, applications in
medicine and pharmacy have been found for these compounds thanks to their

selective double interaction with biomolecules such as DNA.[29-37]

All the above-mentioned rationale makes the understanding of the supramolecular

chemistry of these dinuclear compounds highly important.

3.1.2. Supramolecular interactions in dinuclear ruthenium
polypyridyl complexes

The presence of the second metal center in a dinuclear ruthenium polypyridyl
complex adds complexity to both the synthetic reactions and the understanding of the
physical properties of the resulting compound. The bridging ligand is the key
component in dinuclear polypyridyl complexes since the interactions between the
metal centers, and thereby the properties of the complex, are critically dependent on
the nature of the bridge. For example, when there is a strong electronic coupling
between the metal centers, through the bridging ligand, the possibility of mixed

valence species appears.[38-42]

Whereas most of the research on these compounds is focused on examining the effects
of the nature of the bridging ligand on the photo-physical and electrochemical
properties of these complexes, much less information can be found regarding their

supra/intra molecular interactions.

When the two metal centers are in close proximity, the coordination chemistry of one
metal center may be affected by the ligands coordinated to the other, by electronic
and/or steric effects. This is the case of the dinuclear ruthenium complexes containing

the 3,5-bis(2-pyridyl) pyrazole dinucleating ligand (Hbpp) (Figure 1).[43-46]
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A X

out-[Ru"(Trpy)(Py)(Hbpp)](PF),

in,in-[{Ru"(Trpy)(Py)},(u-bpp)1(PFe)3

in,in-[{Ru"(Bid)(4-Me-py)},(u-bpp)] (NO;)

L /

@,down-[{Ru"(n"-p-cymene)(MeCN)}z(u-G-Me-bpp)](PFe)z(B};,,)

Figure 1. Front (left) and top (right) views of representative complexes containing the 3,5-bis(2-
pyridyl pyrazole) (bpp) dinucleating ligand. #rpy, 2,2":2,6’-terpydidine; bid, bis-pyridyl-
indazolate;6-Me-bpp, 3,5-bis(6-methylpyrid-2-yl) pyrazole; py, pyridine: 4-Me-py, 4-
methylpyridine.[*7-4]

A close look to the X-ray crystal structure of out-[Ru'(py)(bpp)](PFs)2 reveals a
slightly distorted octahedral geometry, mainly due to the bite angle of the trpy ligand,
in which the ruthenium atom is situated in the plane of the bpp- ligand (First, Figure

1).471 The presence of a second metal center in the structure of in,in-[{Ru"(trpy)(py)}2
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(n-bpp)](PFs)3 not only forces the “in,in” disposition of the monodentated ligands
(pyridines) but, as can be seen in Figure 1 the ruthenium centers force each other to

be placed above and below the bpp™ plane.

All the diruthenium complexes containing the dinucleating bpp ligand, have been
isolated as a mixture of two enantiomeric isomers with Cz symmetry (see Figure 1).
Both enantiomers are usually present in the unit cell of the corresponding X-ray
crystal structures.[*> 48] The “in,in” type complexes which contain a N3-meridional
ligand on each Ru center, present a fast interconversion between the two isomers in
solution. At RT, as a consequence of this dynamic behavior, these compounds present a

NMR spectra corresponding to an apparent Czv average geometry (Figure 2).

It is important to remark that a closely related “bis-aquo” complex in,in-[(Ru"(trpy)
(OH2)]2(u-bpp)]** has been reported to be active as water oxidation catalyst (see
Chapter 4).[43 50-521 Furthermore, both complexes in,in-[{Ru(trpy)}2(u-bpp)(u-Cl)]%*
and in,in-[{Ru"(bid)}2(p-bpp)(1-Ac0)]° have proven to act as catalyst precursors for

the reduction of C0,.[53:54

__Ru <> ﬂ@—%j
Ry

A A Average geometry A A
C, C,, G,
(3 = bpp plane

C = meridional ligand

=symmetry plane

=C, axis

Figure 2. Representation of the isomerization equilibrium occurring in solution.
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3.1.3. Dynamic NMR

Dynamic molecules are those which undergo reorganization such that atoms
interchange relative positions. Therefore, these species present more than one low
energy configuration, and rather low energetic barriers or intermediate species so

that a structural reorganization process takes place at temperatures close to RT.

When the reorganization of a molecule leads to symmetrically equivalent
configurations, from a chemical point of view, the molecule is considered fluxional.
Alternatively, when the reorganization originates chemically distinguishable

molecules, we refer to the dynamic process as isomerism.

The archetypal of dynamic species is Fe(CO)s which at room temperature, as is also the
case for many d® pentacoordinated species, presents a “Berry pseudo-rotation
mechanism”. This type of mechanism causes fluxionality by the exchange of two axial
ligands for two of the equatorial ones through a low energy square planar

intermediate, as shown in Figure 3.[5%

Since all spectroscopic methods involving UV visible or IR radiation are in general
much faster than the molecular vibrations or interconversions, the IR spectrum of Fe
(CO)s presents two signals corresponding to the vibrations of axial and equatorial CO
ligands. NMR spectroscopy though, has an interaction period usually comparable to

the kinetics of this kind of processes enabling their study.

- \~—>O-J— -> @
%

tbp sqp tbp

Figure 3. Images of the Fe(CO)s species intervening in the Berry mechanism, trigonal bipyramid

(tbp) and square planar intermediate (sqp).5?!
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At room temperature, the pseudorotation process is very fast in the NMR timescale.
Instead of two different carbon signals for the resonance of the carbonyl-carbon
atoms, an average signal is observed in the 3C-NMR spectra of Fe(CO)s. By changing
the ligands (i.e. with more sterically demanding functional groups) or by lowering the
temperature, the reaction can be slowed down. Then, the signals can be detected
separately, since the NMR timescale is faster than the rate of the pseudo-rotation.
Thereby, dynamic nuclear magnetic resonance (DNMR) is a powerful tool for the study

of the kinetics of chemical exchange.

The exchange process is manifested in NMR by changes in the shape of the NMR
signal; broadening, coalescence and re-sharpening (Figure 5). The most classical of the
DNMR techniques is the line-shape analysis (more properly called total band-shape
analysis). Line-shape analysis profits from the fact that the line shapes of the NMR
signals of nuclei involved in an exchange processes contain information on the rate
constants for processes occurring with lifetimes comparable to the reciprocal of the

frequency difference between the exchanging sites.[5°!
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Figure 5. Example of the evolution of a resonance peak involved in a dynamic process as the

temperature is varied.[57]
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This technique is specially well suited to characterize kinetic processes consisting on
an equally populated two-site system involving two nuclei not coupled to each other,
with a chemical shift difference (Avy) much greater than the line with (ho), both in the
absence of exchange, and undergoing the exchange with a rate constant smaller than

the intrinsic transverse relaxation time.[¢!

Very illustrative is the example of the dynamic behavior of cis-[Ru'/(bpy)2(4-picoline)2]
2+ reported by Reedijk[*® (Figure 6) in which the L's (4-picoline ligands) can flip
around their Ru-N axis, either fast or slow on the NMR timescale, depending on the

temperature.

Figure 6. Structural (left) and schematic (right) representation of cis-[Ru'(bpy)2(L)]*" system, L = 4-
methyl-pyridine.[46]

At room temperature the two ortho protons (and the two metha protons) resonate at
the same frequency indicating that the picolines (L) rotate fast on the 'H-NMR time
scale. Upon lowering the temperature all bpy signals show a slight down-field shift but
remain sharply defined. In contrast the two 4-picoline’s doublets start broadening
until disappearance, this temperature is called coalescence. By continuing to Lower
the temperature the absent protons re-resolve split up in two doublets. At this point
the four aromatic 4-picoline protons resonate at different frequencies indicating a

slow flip of the monodentated ligands with regard to the NMR timescale (Figure 7).
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Me

H(m') = H(m)

N
H(o") N H(o)
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r il | HI1
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5°C - - —_—
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Figure 7. Proton numbering scheme of 4-methylpyridine (4-picoline) and the aromatic region of the

'H-NMR spectra of cis-[Ru(bpy)2(L)2]*" in acetone at various temperatures.[4¢]
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Chapter 3

3.2. THROUGH SPACE LIGAND INTERACTIONS IN
ENANTIOMERIC DINUCLEAR Ru COMPLEXES

A family of dinuclear Ru complexes of general formula [{Ru(T)(L)}z(u-bpp)]*V* (T =
tridentate meridional ligand; bpp™ = tetradentate bridging ligand and L = monodentate
ligand, n = 1 or 2) have been prepared and thoroughly characterized. In solution these

complexes display a global dynamic behavior in which the monodentate ligands undergo

a synchronized twisting motion.
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3.2.1. Abstract

A family of dinuclear Ru-complexes containing monodentate ligands displays
dynamics based on supramolecular through space interactions. The electronic and
steric nature of the monodentate ligands allow a fine tuning of the kinetic parameters

of this dynamic behavior that can be monitored by VT-NMR.

3.2.2. Introduction

Water oxidation to molecular dioxygen is a key reaction that needs to be fully
understood in order to be able to design new energy conversion schemes based on
water and sunshine.[!] Furthermore, from a biological point of view it is an important
reaction that takes place at the OEC-PSII. However even though it is under thorough
scrutiny its mechanisms are not fully understood. Hence the need to have low

molecular weight functional models. While at the moment there are few well defined
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complexes that have been shown to be capable of oxidizing water to molecular
dioxygen even fewer of them have been studied from a mechanistic perspective.l®!
Water nucleophilic attack to a high valent Ru=0 group and intramolecular 0-O bond
formation are the two metal based mechanisms that have been observed so far based
on experimental and theoretical grounds. While the synthetic demands for a catalyst
capable of carrying out a nucleophilic water attack mechanism are relatively simple,
for an intramolecular mechanism the catalysts are based on dinuclear complexes
whose structures are extraordinarily sophisticated. Thus it is imperative to
understand all the relevant aspects of such a mechanism to be able to design efficient
and rugged water oxidation catalysts. In this particular field, the two key challenging
factors that need to be addressed are first the degree of electronic coupling between
the two metal centers through the bridging ligand and secondly the degree and nature
of the through space interactions between the active groups that provides the right
conditions so that an 0-O bond can be formed. The present paper sheds light into the

latter factor setting up the basis for further ligand/complex design.

3.2.3. Results and Discussion

We report here the synthesis and thorough characterization of a family of Ru-Hbpp
related dinuclear Ru complexes of general formula [{Ru(T)}2(u-bpp)(p-MeCOO)]™* (T:
trpy or bid-, see Figure 1) and [{Ru(T)(L)}2(u-bpp)}+1+ (L = MeCN or substituted

pyridines; see Table 1 for complex label assignment).

This family of complexes constitute an ideal basis to understand and quantify ligand
through space interactions. Figure 2 shows the cationic moiety the complex A,A-3,[*

containing 4-picoline ligands.
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7

Figure 1. Drawing of the ligands and labeling used for the 'H-NMR assignment.

These molecules posses Cz symmetry with the Cz axis running through the pyrazolate
group, bisecting the N-N bond and through to the opposite C atom of the pyrazolate
ring. As it can be observed in the Figure 2 left, each metal center present a distorted
octahedral geometry, due to both the bite angle of the chelating ligands and to the

need to accommodate the encumbering monodentate ligands.

Figure 2. X-ray crystal structure for the cationic part of A,A—3. The C; axis is shown with a broken
line. The bpp~ ligand is placed in the plane of the paper whereas the meridional bid- ligands are nearly
perpendicular to mentioned plane. Color codes: Ru, pink: N, blue; C, gray. H atoms have been

omitted for clarity purposes.

62



Chapter 3

The distortion can be described as an inverse synchronized rotation of the pyridyl
Hbpp groups (the angle between these two pyridyls is 17.5°) via an imaginary axis that
would go through the C-C bonds connecting the pyridyl and pyrazolate groups of the
bpp~ ligand, from an ideal octahedral geometry. This distortion provokes the
displacement of the metal center above and below the equatorial plane in which the

bpp ligand would normally lie.

It is also interesting to observe that the rings of the monodentate picoline ligands lie
nearly parallel to one another (angle between best planes is 3.2°) and with the
distance between the centroids of the pyridine rings of 3.43 A suggesting significant 1t

-1t interactions.

AA-3 [TS-3]

K \N Jm‘N )
2ty ‘O g U Cfr -

Figure 3. Top, stick models for the cationic parts of 3. Left, X-ray crystal structure of A,A—3. Center,

Computed transition state structure of [TS-3]*. Right, computed structure of A,A—3. In all cases the
bpp ligand is placed perpendicular to the plane of the paper. Bottom, ChemDraw drawings of the top
structures. The monodentate 4-picoline ligand is not drawn for clarity purposes and is represented by
the red Ns.

In solution at room temperature the two enantiomers shown in Figure 3 rapidly
interconvert between each other. As a consequence the resonances observed in the
NMR at RT can be interpreted as if the molecule possessed Czy symmetry for the case
of 1. For the case of the other complexes with N-containing monodentate ligands some
of the resonances at RT are so wide that they are nearly not observed. Variable
Temperature (VT) NMR (298-218 K) makes it possible to monitor the speed of this
equilibrium as shown in Figure 3 for the pair of enantiomers A,A-4 and A,A-4, and
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thus the activation energy can be extracted for this isomeric interconversion process.
No evidence in the NMR is observed for Ru-N bond breaking under these conditions
indicating that the interconversion involves ligand-rotation type of processes only,

besides the correspondingly coupled vibrations, translations and solvent interactions.

Table 1. Experimental and calculated free energies in kcal mol! at 298 K, for the transition states of
the isomeric interconversion reaction of complexes 1-9, with general formula [{Ru(T)}2(pu-bpp)(p-
MeCOO)™* (T: #rpy or bid-) and [{Ru(T)(L)}2(u-bpp)]®D* (L = H20, MeCN or substituted
pyridines).

AG®, Exp. AG®, Calc.
T L Complex
(Solv.)? (Solv.)2
MeCOOP® 1 <3.4 (D)
Py 2 7.2 (D) 7.76 (D)
bid- 4-Me-py 3 8.5 (D) 9.29 (D)
3,5-(Me)2-py 4 9.4 (D) 9.53 (D)
4-CF3-py 5 9.5 (D) 9.06 (D)
MeCN 6 10.4 (D) 14.3 (D)
trpy MeCOOP® 7 <4.2 (A)
H20 8 <4.2 (A)
Py 9 8.6 (A)

[ISolvents used are abbreviated as D for dichloromethane and A for acetone. [Pl MeCOO- act as
bidentate bridging ligand between the two Ru metals and thus occupy the coordination positions of

the two L ligands

DFT/MM calculations!® have been used to study the reaction pathway for the
interconversion process. The enantiomers are found to be connected via the transition
state shown in Figure 3 (center) which has an approximately planar bpp  backbone
with the metal centers also lying in the plane defined by the ligand. The picoline
ligands remain parallel to one another (angle between planes is 3.8°) and
approximately perpendicular to the equatorial plane. However, unlike the enantiomers

they are almost eclipsed, forcing the methyl substituents closer together. It is likely for
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this reason that the distance between the centroids of the picoline rings is larger
compared to the two enantiomers, at 3.71 A. However, while this it increases the strain
in the rest of the molecule, resulting in longer Ru-N(bpp’) bond lengths, and a more

open N(pyrazol-bpp )-Ru-N(picoline) bond angle.
AA-4 — [TS-4]* — AA-4 (1)

The transition vector is associated both with flexing of the backbone bpp ligand and
with the rotation of the Ru-N(picoline) bonds with respect to each other. Clockwise
rotation of the axes defined by the Ru-N(picoline) bonds and corresponding flexing of
the bpp ligand generates the A,A isomer, while anticlockwise rotation generates the

A,A isomer.

While in this case both movements have an important contribution to the transition
vector, it is likely that for related ligand systems with more rigid meridional ligands
the transition vector may have a larger contribution from the rotation of the Ru-N axes

than from backbone ligand movement.

Table 1 presents the experimentall”l and DFT calculated activation barriers obtained
for the family of complexes 1-9. In general the calculated activation barriers slightly
overestimate the experimental values but reproduce the experimental trends. From
the table the activation barriers are found to vary depending on the class of
monodentate ligand, with higher activation barriers observed for the nitrile ligand,
which is known to have stronger m-backbonding interactions,[®! than for the pyridylic
type of ligands (compare complexes 2 and 6 in Table 1). In comparison, the lowest
activation barriers were found for the O-donor type ligands (compare 1, 7, 8 with 2).
The activation barriers were also found to be dependent on the meridional ligand
where lower activation barriers were found for the more flexible bid" ligand than for
the trpy ligand. Finally, within the family of pyridylic ligands, the activation barriers

increase with steric bulk, from L = py, picoline to lutidine.
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) 278 K

258 K

238 K

218 K

T T T T T T T T T
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm

Figure 4. VT 'H-NMR for 4 in CD2Cl,. The assignment of the resonances is keyed in Figure 1. The
colored symbols indicate the splitting observed upon reducing the temperature: green squares are for
Hr and Hp, blue spheres for Hg; pink stars for Hy and Hy; and orange triangles for HL (ortho protons
of the 3,5-lutidine ligand).

The trends in activation barriers can be rationalized by considering the nature of the
transition state where the Ru-N(picoline), or more generally Ru-N(L), axes are
approximately eclipsed. For the pyridylic type ligands, the substituents of the pyridine
ring are forced closer together, leading to increasing activation barriers as the number
of substituents increases. The increasing steric strain can be seen in the distance
between the centroids of the pyridylic rings, which increases from 3.69 A, to 3.71 A to
3.78 A, for pyridine, picoline and lutidine, respectively. The differences in activation
energies between types of ligand donors can also be attributed to through space
interactions and the rearrangement required to reach the transition state. This is most
significant for the MeCN ligand, where the rearrangement required to reach the
transition state is greatest, and consequently gives the highest barrier. The O-type
donor ligands however, either bridge the metal centres, MeCOO", or have little steric
bulk, H20, so the rearrangement required and steric strain in the transition state is not

as significant, resulting in much lower activation barriers
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This family of complexes, therefore, provides a basis to understand the electronic and
steric factors that influence the interconversion process and thus the dynamics
involved in Equation 1. These are shown to be chiefly governed by the monodentate
ligands where the degree of through space interactions (an intra-supramolecular
effect) dictates the interconversion barriers. Furthermore the design of the complex is
fundamental. In particular the bridging bpp ligand, which acts as backbone for the two
metal centers, places them at the correct distance and relative orientation to allow this
dynamic behavior. At longer distances the through space interactions would be too
weak and the metal centers would acquire an ideal type of octahedral geometry and
no dynamic effects would be observed. In contrast if the two monodentate ligands
were placed too close the barriers would be so high that at RT the isomeric
interconversion would not occur. Thus the present family of complexes display the
delicate electronic and steric balance needed for these intra-supramolecular
interactions to take place. In turn, this understanding is of paramount importance in
order to design water oxidation catalysts, especially for the particular case where the
oxygen-oxygen bond formation takes place in an intramolecular manner. Thus in the
case where the monodentate ligand is an aqua ligand the access to higher oxidation
states provides Ru=0 groups properly oriented and with the right through space
interaction that, once generated, are ready to couple to one another and thus provide a

viable scenario for the elusive intramolecular mechanism.

3.2.4. Conclusions

We have prepared and thoroughly characterized a family of dinuclear Ru-complexes
where the through space interaction can be fine tuned by steric and electronic effects.
In particular we have shown that the bpp™ pyrazolate bridge acts as an spectator ligand
but provides the right topology so that the monodentate ligands bonded to them can
adequately interact in a supramolecular manner. We have also put forward the
important implication this control has for the future design of water oxidation
catalysts. Finally, this work constitutes an unprecedented example where the dynamic
behavior between two ligands bonded to two different metals is established and

understood.!8]
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3.3. SUBSTITUTION REACTIONS IN DINUCLEAR
Ru-Hbpp COMPLEXES: AN EVALUATION OF
INTRASUPRAMOLECULAR EFFECTS

In the present paper we present a comprehensive work, including both experiment and
theory via DFT, of intrasupramolecular effects between two pyridylic type of ligands
bonded to Ru centers. The chosen dinuclear Ru complexes provide a scaffold that allows
framing two pyridyl groups in a manner that has not been achieved previously and thus

constitutes an excellent ground to explore the consequences of this particular effect.
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3.3.1. Abstract

The synthesis of new dinuclear complexes of general formula in,in-[{Ru"(T)(L)}2(u-
bpp)]™* has been carried out and the complexes isolated in the solid state where bpp
is the bis(2-pyridyl)-3,5-pyrazolate anionic ligand, T is the 2,2":2’,6’-terpyridine neutral
meridional ligand (trpy) or bis-pyridyl-indazolate (bid") anionic tridentate meridional
ligand and L is a monodentate ligand. For T = trpy complexes: 3a3*, L = MeCN; 3b3*, L =
pyridine (py); 3¢3*, L = 3,5-lutidine (3,5-Me2-py). For T = bid": 3a’*, L = MeCN; 3b’™*, L =
pyridine (py); 3¢, L = 3,5-lutidine (3,5-Me2-py). The complexes have been
characterized in the solid state by X-ray crystallography and in solution by
spectroscopic methods including 'H-NMR and UV-vis spectroscopy. Their redox
properties have also been investigated by means of CV and DPV and show the

existence of two one electron waves assigned to the formation of the ILIII and IILIII
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species. For the specific case of 3b3*, the two oxidation waves are associated with the
two equations: 3b** + 1e- — 3b3* (E1/2 = 1.05 V) and 3b%* + le- — 3b**, (E12 = 1.34
V) both potentials measured vs. SSCE. Pyridyl complexes 3b3*, 3b’* and 3¢3* undergo
two consecutive substitution reactions of their monodentate ligands by MeCN. The

substitution kinetics have been monitored by 'H-NMR and UV-vis spectroscopy and

follow pseudo first order behaviour. For the case of 3b3* the first rate constant ki
1.72 + 0.04x103 s1 whereas for the second substitution the k obtained is k2 = 1.0
0.4x10* s both measured at 313 K. Their energies of activation at 298 K are 95.8 and

I+

104.2 k] /mol respectively. DFT calculations have also been carried for the consecutive
reactions of 3b3* leading to 3a3* giving insight, at a molecular level, regarding the
nature of the intermediates. Furthermore the energetics obtained by DFT calculations
of the two consecutive substitution reactions agree with the experimental values
obtained. The kinetic properties of the two consecutive substitution reactions point
out that the slower nature of the first with regard to second one is due to an

intrasupramolecular m- interaction between the monodentate ligands.

3.3.2. Introduction

Ru complexes are of interest for a variety of applications including bioinorganic
chemistry, photochemistry and photophysics, and catalysis.[!l In all these cases, the
kinetic and thermodynamic stability of the ligands is of paramount importance so that
the complex can be used for the desired applications. For the particular case of
catalysis, Ru complexes are generally designed with at least one labile Ru-L bond so
that it can suffer easy substitution reactions by a particular substrate and thus enter a
potential catalytic cycle for its subsequent transformation.[?! In some cases such as
hydrogenationf! or hydroformilation! reactions the substitution process constitutes
the rate determining step and thus it is important to understand at a molecular level
the factors that govern these processes. In the field of complexes interacting with DNA
mainly two types of interactions can take place, -1 stacking between the nucleobases
and the aromatic rings of the ligands or direct coordination of the Ru metal to a
potential coordination site of the DNA. For the latter a sufficiently labile Ru-L bond is

needed and thus manifests again the importance of substitution reactions.[®
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In water oxidation catalysis, a recent example involving the [Ru(Cl)(trpy)(bpy)]** (bpy
represents 2,2’-bpyridine and also its 4,4’-substituted analogues) family of catalysts
highlights the importance of understanding the substitution process. While an inert
Ru-Cl bond leads the authors to propose a mechanism involving coordination
expansion!® with the metal center possessing seven coordination, in the case of a
labile Ru-Cl bond would implicate aqua substitution forming a Ru-OHz bond and
maintaining the pseudo octahedral coordination over all the intermediate species of
the catalytic cycle. 7] For the labile case the relative Ru-Cl substitution rates with
regard to the rates of formation of the catalytic species Ru-OHz will dictate the

feasibility or not of the whole process.

Within the same topic equilibrium reactions involving solvent coordination such as
MeCN in different oxidation states of the metal center as well as exchange reactions

are also key to understanding the catalytic cycle, [®!
Ru-OH; + MeCN =—— Ru-MeCN + H20 (1)
Ru-OH; + H20¥* =—— Ru-H0* + H20 (2)

For the particular case of in,in-RuHbpp complexes (in, in-[{Ru(T)(L)}2(pu-bpp)]™), L =
acetonitrile, pyridine or 3,5-dimethylpyridine; T= terpyridine or bid-; a drawing of the
polydentate ligands is depicted in Scheme 1) a further intra-supramolecular
interaction has to be taken into consideration. This phenomenon is related to the
through space interaction between the monodentate ligands®! and constitutes a
specific case of the stereochemistry of ligand bridged dinuclear coordination
complexes. It is exemplified in the equation (3) for complex 3b3* where the
interconversion of the two isomers in solution takes place very fast at room

temperature

A, A-in, in-[Ruz(py):] A, A-in, in-[Ruz(py)2]
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The axial coordination of the trpy ligands are not shown for clarity purposes and the
formula at the bottom excludes the trpy and bpp ligands. The two isomers differ from
one another in the relative position of the pyridyl ligands, whether they are situated
above or below the equatorial plane. If temperature is maintained at RT or below, the
equilibrium occurs without breaking any Ru-N bonds, as has been clearly

demonstrated by NMR spectroscopy.!’]

bid- trpy bpp

Scheme 1. Ligands used in this work and including their abbreviations and NMR labeling scheme.

In the present work we wish to report on the behavior of the in,in-RuHbpp complexes
when exposed to temperatures above RT and describe the intimate details of the labile
Ru-N bond scission. For this purpose we have completed the synthesis of a large family
of Ru-Hbpp complexes with general formula [{Ru(T)(L)}2(pu-bpp)]™* (L = acetonitrile,
pyridine and 3,5-dimethylpyridine; T= trpy or bid) and have carried out a

complementary DFT work.

3.3.3. Experimental Section

Materials

All reagents used in present work were obtained from Aldrich Chemical Co. or Alfa
Aesar and were used without further purification. Synthesis grade organic solvents

were obtained from SDS and were routinely degassed with argon. Methanol was
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destilled over Mgl, ethanol was dried with 3.5 A molecular sieve and acetonitrile,
dichloromethane (DCM), hexane and diethyl ether were used from the SPS. High purity
deionized water was obtained by passing distilled water through a nanopure Mili-Q

water purification system.

The 3,5-bis(2-pyridyl)pirazole (Hbpp) ligand,[*®! [Ru'Clz(Hbid)],[*1 [{Ru(trpy)}2(u-
bpp)(u-Ac0)](PFe)3, 2(PFe)3, 21 [{Ru(bid)(MeCN)}2(u-bpp)](NO3), 3a’(NOs3), [{Ru
(bid) (py)}2(u-bpp)1(Cl), 3b’(Cl), and [{Ru(trpy)(py)}2(u-bpp)](PFs)s, 3b(PFe)s, were
prepared as described in the literature.[’l All synthetic manipulations were routinely

performed under argon atmosphere using Schlenck and vacuum line techniques.

in,in-[{Ru"(bid) (C1)}(n-bpp){Ru(bid)(MeOH)}], 1’. A solution of 0.290 g (0.5
mmol) of RuCl3Bid and 0.20 mL (1.5 mmol) of triethylamine in MeOH (10 mL) was
stirred at room temperature, under argon atmosphere and in the absence of light, for
30 min. Then, 0.056 g (0.25 mmol) of Hbpp, 0.014 g (0.25 mmol) of NaOMe and 0.424
g (10 mmol) of LiCl were added to the initial mixture in 10 mL of methanol. The
resulting solution was heated at reflux for 2 h in the presence of a 200 W tungsten
lamp, cooled to room temperature and filtered off in a Schlenck frit. The dark green
solid obtained was washed with diethyl ether and dried under vacuum. Yield: 80%
(0.220 g). Anal. Calc. for CsoH41CIN140Ruz: C, 55.02; H, 3.79; N, 17.96. Found: C, 54.80;
H, 3.49; N, 17.57. 'H-RMN (400 MHz, d2-DCM, 298 K, ppm): §, 1.89 (d, J.o= 4.58 Hz, 3H,
Ho), 6.02(t, Jr.c=Jc-n= 6.84 Hz, 2H ,Hg), 6.15 (td, Jrg=Jgn= 6.33, Jgi=1.9 Hz, 2H, Hg), 6.53
(td, Je-p=Je-0=5.91, Jp-p=1.27 Hz, 1H, Hp), 6.58 (t, Jc-d =Jda-e =5.91 Hz,1H, Hq), 6.91 (q, JL-0=
4.58 Hz, 1H, Hy), 7.05 (dd, Jp-e= 5.91, Jc.e = 1.47 Hz, 1H, Hg), 7.22 (dd, 1H, Ja-e= 5.91, Jce
=1.47 Hz, He), 7.38 (td, Jcp = 5.91, Jce= 1.47 Hz, 1H, Hc), 7.42 (dd, Je-b = 8.26, Jc.a = 5.91
Hz, 1H, H¢), 7.45 (dd, Ju1= 6.84, Jea1= 1.90 Hz, 2H, Hi), 7.51 (td, 2H, Jgn = Jni= 6.33, Jni
1.58 Hz, Hi), 7.54 (td, Jo-u = Ju1= 6.84, Jru = 1.62 Hz, 2H, Hy), 7.58 (dd, Jjx= 5.51, Jjx
3.13 Hz, 2H, Hy), 7.60 (dd, Jui = 6.33, Jig= 1.9 Hz, 2H, Hj), 7.65 (dd, Jxj= 5.51, Jj+= 3.13
Hz, 2H, H;j), 7.74 (dd, Jsc = 8.26, Jsp= 1.27, 1H, Hg), 7.76 (d, Jo-c = 8.26, Jo-a = 1.27, 1H,
Hy), 7.80 (s, 1H, Ha), 8.15 (dd, J;x = 5.51, Jxx = 3.13 Hz, 2H, Hk), 8.20 (d, Jr.c= 6.84, Jru=
1.62 Hz, 2H, Hr), 8.22 (dd, Jx = 5.51, Jxx = 3.13 Hz, 2H, Hx), 8.30 (dd, Jrg = 6.33, Jen =
1.58 Hz, 2H, Hy). UV-vis (CH2Cl2) [Amax, nm (g, Mlcm™)]: 271 (34332), 279 (33628),
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303 (31124), 368 (27104), 424 (10491), 609 (3516). E1/2 (CH2Cls, V vs SSCE): 0.204,
0.611.

in,in-[{Ru"(bid) (MeCN)}2(u-bpp)}(PFe) (3a’(PFe)). 'H-RMN (500 MHz, CD3CN 240
K, ppm): §, 1.00 (s, 6H, Ho), 5.66 (t, Jrc = 6.36, Jeu = 1.14 Hz, 2H ,Hg), 6.67 (dd, Jre =
7.50, Jrir = 1.56 Hz, 2H, Hr), 6.79 (td, Jr¢ = Jow = 7.50, Jor = 1.79 Hz, 2H, He), 6.82 (t, Jco
= Jog = 5.92 Hz, 2H, Hp), 7.35 (d, Jor = 5.92 Hz, 2H, He), 7.49 (m, Joi = Jii = 6.36, Jrn = 1.22
Hz, 4H, Hj, Hi), 7.56 (dd, Jue = 6.36, Jai = 1.70 Hz, 2H, Hg), 7.63 (d, Jsc = 7.00, Jcp = 5.92
Hz, 2H, Hc), 7.68 (dd, Jik= 7.50, ]y = 1.79 Hz, 4H, Hy, Hy), 7.71 (dd, Jjx= 4.08, Jj<’ = 2.92
Hz, 4H, Hj, Hy), 7.75 (d, Jur = Jew = 7.50, Jar'= 1.56 Hz, 2H, Hy'), 7.96 (d, Jsc = 7.00 Hz,
2H, Hg), 8.09 (s, 1H, Ha), 8.15 (dt, Jjx = Jyx = 4.08, Jx = 2.92 Hz, 4H, Hy, Hy'), 9.41 (dd, Jre
= 6.36, Jsu = 1.22 Hz, 2H, Hy). 3C-RMN (500MHz, CDsCN, 240 K, ppm): 8, 158.9 (Cr),
153.4 (Cr), 150.0 (CE),137.0 (Cc),135.6 (Cw), 135.6 (Cw), 130.2 (C)), 130.2 (Cy), 128.4
(Cr), 128.0 (Cp), 127.1 (C1), 120.8 (Cr), 120.8 (Cx), 120.8 (Cx), 117.9(Ce), 115.6 (Co),
106.0 (Ca), 30.4 (Co). UV-vis (CHzCl2) [Amax nm (g, M-lem1)]: 265 (42331), 284
(41836), 229 (39517), 341 (36757), 352 (38303), 382 (22132), 414 (13346), 503
(4005), 540 (5290), 598 (4062). E1/2(CH2Clz, V vs SSCE): 0.739, 0.954.

in,in-[{Ru"(trpy) (MeCN)}z(n-bpp)]1(PFs)s, 3a(PFe)s. A 100 mg (0.08 mmol) sample
of complex [{Ru(trpy)}2(p1-bpp)(1-AcO)](PFs)3 (0.08 mmol) were dissolved in 50 mL of
MeCN/water (3/1), following 2 mL of a pH = 1 water solution (triflic acid) were added.
The mixture was heated at reflux for 6 hours. Upon cooling to room temperature, the
unreacted starting material was filtered and 1 mL of a saturated aqueous solution of
KPFs was added to the solution. After partial evaporation of the solvent in a rotary
evaporator a brown solid precipitated. Recrystallization from acetonitrile/ether
yielded dark brown small crystals. Yield: 70% (0.079 g). Anal. Calc. for
C47H37F18N12P3Ruz: C, 40.12; H, 2.65; N, 11.95. Found: C, 40.37; H, 2.22; N, 11.75. H-
RMN (400 MHz, Acetone-de, 298 K, ppm): 8, 1.43 (s, 6H, Ho), 7.02 (t, Jco = Jep = 7.74 Hz,
2H, Hp) 7.46 (d, Joe = 7.74 Hz, 2H, Hg), 7.56 (t, Jou = Jre = 8.08 Hz, 2H, Hg), 7.89 (t, Jac =
Jeo = 7.74 Hz, 2H, Hc), 8.15 (t, Jui = Juc = 8.08 Hz, 2H, Hx), 8.20 (d, Jsc = 7.74 Hz, 2H, Hg),
8.39 (t, Jix= 8.33 Hz, 2H, Hk), 8.47 (s, 1H, Ha), 8.68 (d, Ju1= 8.08 Hz, 4H, Hi), 8.80 (d, Jjx =
8.33 Hz, 4H, Hj). 'H-RMN (400 MHz, MeCN-ds, 298 K, ppm): § 1.12 (s, 6H, Ho), 6.90 (t,
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Jeo=Jep = 7.74 Hz, 2H, Hp), 7.17 (d, Joe = 7.74 Hz, 2H, H), 7.37 (t, Jou = Jrc = 8.08 Hz, 2H,
He), 7.78 (t, Jsc = Jeo = 7.74 Hz, 2H, Hc), 8.0.2 (t, Jui = Juc = 8.08 Hz, 2H, Hx), 8.17 (s, 1H,
Ha), 8.27 (t, Jix = 8.33 Hz, 2H, Hx), 8.43 (d, Ju = 8.08 Hz, 4H, Hy), 8.85 (d, Jjx = 8.33 Hz,
4H, Hj). UV-vis (CH2Cl2) [Amay nm (g, Mlem)]: 272 (59626), 311 (70425), 359
(26803), 444 (13238), 476 (11874), 541 (3154). E1/2 (CH2Clz, V vs SSCE): 1.084, 1.392.
MALDI(+)- MS: (MeOH): 558.6 [M-PF-PFs]?*.

in,in-[{Ru"(trpy) (py)}(rn-bpp){Ru"(trpy) (MeCN)}](PFs)3-CH2Cl2, 4(PFe)3-CH2Cl2. A
50 mg (0.035 mmol) sample of complex 3b(PFs)s were dissolved in 25 mL of MeCN.
The mixture was heated at 70 °C for 3 h and quickly cooled with an ice bath. After fast
complete evaporation of the solvent with a rotary evaporator the brown product was
redissolved in 5 mL of acetone and 1mL of a saturated aqueous solution of KPFs was
added followed by the addition of 5 more mL of water. After partial evaporation of the
acetone in a rotary evaporator a brown solid precipitated. The dark brown solid was
filtered and rinsed with diethylether. Recrystallization from acetone/ether yielded
dark brown small crystals. Yield: 78 % (0.039 g). Anal. Calc. for CsoHz9F18N12P3Ruz: C,
41.88; H, 2.97; N, 11.59. Found: C, 41.07; H, 2.72; N, 11.63. 'H-RMN (400 MHz, CDsCN,
298 K, ppm): §, 1.27 (s, 3H, Ho), 6.70 (t, JuL = Jun = 6.96 Hz, 2H, Hwm), 7.03 (t, Joe = Joc =
7.23 Hz, 1H, Hp), 7.04 (t, Jae = Jac= 7.23 Hz, 1H, Hq) 7.35 (d, Jea= 7.23 Hz, 1H, He), 7.43 (t,
Jor = Jeu = 6.80 Hz, 2H, Hg), 7.44 (t, Jnm = Jnw = 6.96 Hz, 1H, Hn). 7.52 (d, Jep = 6.96 Hz,
1H, Hg), 7.73 (t, Jgf = Jeh = 6.82 Hz, 2H, Hg), 7.89 (t, Jea = Jov = 7.23 Hz, 1H, H¢) 7.96 (t, Jop =
Jes=7.23 Hz, 1H, Hc), 8.11 (t, Jui = Juc = 6.80 Hz, 2H, Hy) 8.20 (t, Jni = Jng = 6.80 Hz, 2H,
Hn), 8.24 (d, Joc= 7.23 Hz, 1H, Hyv), 8.26 (d, Jsc = 8.30 Hz, 1H, Hg), 7.30 (t, Jxj= 8.10 Hz,
1H, Hx), 8.33 (t, Jxi= 8.10 Hz, 1H, Hk), 8.37 (d, Jiz = 8.10 Hz, 2H, Hy), 8.46 (d, JmuL = 6.96
Hz, 2H, Hy), 8.60 (d, Jrc = 6.82 Hz, 2H, HF), 8.60 (s, 1H, Ha), 8.68 (d, Jiu = 6.80 Hz, ZH, H)),
8.70 (d, Jin = 6.80 Hz, 2H, Hi), 8.75 (d, Jx= 8.10 Hz, 2H, H;), 8.84 (d, Jjx= 8.10 Hz, 2H,
Hk ).UV-vis (MeCN) [Amax, nm (g, Mlcm™)]: 271 (55806), 312 (66667), 356 (24028),
440 (9127),469 (11727), 495 (8533), 574 (1856). E1/2 (CH2Clz, V vs SSCE): 1.086,
1.340. MALDI(+)- MS: (MeOH):1301.4 [M-PF¢]*.

in,in-[{Ru"'(trpy) (lut)}2(1n-bpp)](C104)3-CHCI3, 3¢(Cl04)3-CHCl3. A 50 mg sample of
complex [{Ru(trpy)}2(p-bpp)(n-AcO)](PFs)3 (0.035 mmol) were dissolved in 40mL of
acetone/water (3:1), following 2 mL of a pH = 1 water solution (triflic acid) were
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added. After the addition of 0.15 mL of 3,5-dimethyl-pyridine (4 mmol), the mixture
was heated under reflux for 6 hours. Upon cooling to room temperature, the unreacted
starting material was filtered and 1mL of a saturated aqueous solution of KPF¢ was
added to the solution. After evaporation of the acetone in a rotary evaporator a brown-
black solid was obtained which was recrystallized from chloroform/ether yielding
dark brown small crystals. Yield: 90% (0.048 g). Anal. Calc. for CsgHs0CisN12012Ruz: C,
45.77; H, 3.30; N, 11.04. Found: C, 45.65; H, 3.03; N, 10.90. 'H-RMN (400MHz, Acetone-
de, 188 K, ppm): §, 1.24 (s, 6H, Ho), 1.53 (s, 6H, Ho), 6.48 (s, 2H, Hy), 7.00 (t, Jep = Jep =
5.94 Hz, 2H, Hp), 7.03 (s, 2H, Hr), 7.41(d, Jep = 5.94 Hz, 2H, Hg), 7.91 (t, Jrc = Jwe= 4.90
Hz, 2H, H¢), 7.93 (t, Jrc = Jue= 5.26 Hz, 2H, Hg), 7.95 (t, Jsc = Jco = 5.94 Hz, 2H, Hc), 7.97
(s, 2H, Hn), 8.16 (t, Jur = Jwe = 4.90 Hz, 2H, Hy), 8.28 (t, Jxy = Jxy = 8.35 Hz, 2H, Hk), 8.33
(t, Jur = Jue = 5.26 Hz, 2H, Hu), 8.38 (d, Jsc = 5.94 Hz, 2H, Hsg), 8.46 (d, Jur = 4.90 Hz, 2H,
Hr), 8.54 (d, Jyx = 8.35 Hz, 2H, Hy), 8.66 (d, Jre = 4.90 Hz, 2H, Hr), 8.94 (d, Jm = 5.26 Hz,
2H, Hi), 8.95 (s, 1H, Ha), 8.97 (d, Jjx= 8.35 Hz, 2H, Hj), 9.21 (d, Jrc = 5.26 Hz, 2H, Hf). UV-
vis (CH2Cl2) [Amax, nm (g, Mlcm™)]: 275 (54000), 317(62450), 361 (25704), 470
(9412), 502 (10059), 566 (2439), 660 (1009). E1/2(CH2Clz, V vs SSCE): 1.064, 1.332.
MALDI(+)-MS: (DCM): 1198.2 [M-CHCI3-Cl04-LUT]*, 663 [M-CHCl3-Cl04+Na]?*.

Equipment and measurements

All electrochemical experiments were performed in a PAR 263A EG&G potentiostat or
in a IJ-Cambria IH-660 potentiostat, using a three electrode cell. Glassy carbon
electrodes (3 mm diameter) from BAS were used as working electrode, platinum wire
as auxiliary and SSCE as the reference electrode. Cyclic voltammograms (CV) were
recorded at 100 mV/s scan rate under nitrogen atmosphere. The complexes were
dissolved in previously degassed dichloromethane containing the necessary amount of
(n-BusN)(PFs), used as supporting electrolyte, to yield a 0.1 M ionic strength solution.
All E1/2 values reported in this work were estimated from cyclic voltammetry as the
average of the oxidative and reductive peak potentials (Epa+Epc)/2 or from Differential
Pulse Voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling
width of 0.02 s and a pulse period of 0.1 seconds ). Unless explicitly mentioned the

concentration of the complexes were approximately 1 mM. The NMR spectroscopy at
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room temperature was performed on a 400 MHz Bruker avance II and at low
temperatures with a Bruker avance 500 MHz. Samples were run in CD2Cl;, ds-acetone
or ds-acetonitrile. The ESI and MALDI mass spectroscopy experiments were
performed on a Waters Micromass LCT Premier equipment and a Bruker Daltonics
Autoflex equipped with a nitrogen laser (337 nm), respectively. UV-Vis spectroscopy
was performed on a CARY 50 Bio (VARIAN) UV-vis spectrophotometer with 1 cm

quartz cells.

UV-vis Kinetic studies on the ligand-substitution processes were performed at various
concentrations of dinuclear complex and always using Acetonitrile as solvent. In a
typical experiment, a solution of starting complex at concentrations varying from 5 pM
to 350 uM were prepared at 0 2C and introduced to the quartz cells which where
preheated at the desired temperature, typically a full spectra was recorded every 10
minutes. In all cases, the temperature was maintained at + 0.1 2C with a Huber
CC3-905 VPCw cryostat. First and second rate constants where calculated by a global
fitting method or single wavelength fitting using Specfit.['3] The data was reproduced
by two first order consecutive reactions (A—B—C). In all cases rate constants were
measured between 10.0 2C and 68.0 2C.

X-Ray structure determination

All measured crystals were prepared under inert conditions immersed in
perfluoropolyether as protecting oil for manipulation. The measured crystals were
mounted using a nylon loop directly from the crystallization solution to the
diffractometer cooled at -120 °C. Measurements were made on a Bruker-Nonius
diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating
anode with MoKq radiation, Montel mirrors as monochromator and a Kryoflex low
temperature device (T = -173 °C). Full-sphere data collection was used with w and ¢
scans. Programs used: data collection Apex2 v. 1.0-22;('% data reduction, Saint +
Version 6.22; [15] absorption correction, SADABS V. 2.10; [1¢] structure solution and

refinement, SHELXTL Version 6.14. [17]
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Crystals for complex 3¢3* were grown from MeCN at 4 °C. Data was obtained from two
twin crystals and the absorption correction was carried out with TWINABS.[8!
Suitable crystals for complex 43* and complex 3b3* were grown by slow diffusion of
diethylether into an acetone solution of the complex. Crystals for 3a’* were grown by

slow diffusion of diethyether into an acetonitrile solution.

Computational methods

Calculations on the reaction mechanism were carried out with the Gaussian 03 suite of
programs,’®! using the ONIOM method?%21] at the ONIOM(B3LYP:HF)//ONIOM
(B3LYP:UFF) level of theory.['>24 The SDD basis set and ECP was used to describe Ru
(251 while 6-31G(d)[?627] was used for all remaining atoms. The ONIOM partitioning is
shown in the Figure S4.1 in the Supp. Inf. H atoms were used to cap the bonds which
cross the partition between the high and low levels. Since the substitution reactions
occur at different metal centers there is a discontinuity in the reaction profile because
the metal centre involved in the substitution reaction must be modeled with DFT. That
means that in,in-[{Ru'(trpy)(py)}(u-bpp){Ru'(trpy)(MeCN)}]3* can be described by
two ONIOM partitions depending on which reaction is of interest. However the relative

energies of the two processes can be compared without problems.

Minima were confirmed through frequency calculations. Both potential and free
energies are reported. There is currently significant discussion about how to better
estimate entropy corrections for dissociation reactions in solution,!?8! with some
authors suggesting that the entropy corrections should be halved.l?’ Therefore the
true free energy of dissociation lies between the predicted potential and free energy
values. Since the free energy correction is very similar for the two substitution
reactions in this study we can assume that the errors are similar for both and that a

comparison of the two reactions is still very useful.

Solvent effects for the model system were calculated using the PCM model®% with
UAHF radii, through single point HF calculations on the ONIOM optimized geometries.

Calculations were carried out using the experimental solvent, acetonitrile.
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An additional set of calculations on the pyridine-pyridine and lutidine-lutidine
interactions were carried out using the ORCA 2.7 package.l®!! Apart from the B3LYP
functional,[1®1%] these calculations were also carried out with dispersion-corrected
density functional theory (DFT-D), as implemented in ORCA, which uses a semi-
empirical correction proposed by Grimme[3?] to account for Van der Waals forces. The

TZVP basis setl33] was used for this additional set of calculations.

3.3.4. Results and discussion

Synthesis and structure

The synthetic strategy followed for the preparation of the complexes described here is
depicted in Scheme 2. Addition of the octahedral Ru complex TRu''lClz to the tetraaza
dinucleating Hbpp ligand in the presence of NEtsz generates the corresponding
dinuclear Ru complexes 12* and 1’ with Cz and Cs symmetry respectively. Whereas for
12+ the monodenate Cl ligand acts as a bridging ligand for 1’ the Cl simply acts as a
non-bridging monodentate ligand to one of the Ru centers while the second centre is
coordinated by a MeOH. For easy follow up of the complex nomenclature in this paper
all complexes containing the anionic bid ligand are denoted with a prime whereas the

ones with trpy are not.

Subsequent reaction of 12* or 1’ with acetate anion generate the corresponding 22+
and 2’ complexes with C2z symmetry that contain two bridging ligands, the original
bpp~ and the acetato that acts now as a bidentate bridging the two Ru metal centers.
These acetato bridge complexes are excellent starting materials since they are easy to
handle crystalline materials that are obtained with relatively reasonable good yields.
In addition the lability of the acetato bridge allows to easily obtain the family of 33*

and 3’* complexes containing the corresponding monodentate ligands.
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H,TRuCl; + bpp-

{[Ru(trpy)l,(n-bpp)(u-C}**
12+

2
{[Ru(T)(H20)]x(n-bpp)}™

3a%*
3b3*
3c3t
3d3*

53+

wc -

{[RuT],(u-bpp)(1-OAc)}™

22+, 2
l+ 2L/H*

{[Ru(T)(L)]z(n-bPP)}™ %» {[Ru(trpy)lo(n-bpp)(L)(L')}**

3a"
3b™
3c™
3d*

{[Ru(bid)],(1-bpp)(C1)(MeOH)}
1
OAc’

+2L

L = MeCN
Py
3,5-Me,-py
4-Me-py

43+

Scheme 2. Synthetic strategy. Complexes containing the prime refer to the ones that contain the bid-

ligand whereas those that do not have the prime contain the t7py ligand.

Complex 43*, containing mixed monodenate ligands can be obtained by careful control

of the reaction time using the bis-pyridyl complex 3b3* or 3b’* as starting material,

using acetonitrile as solvent.

Spectroscopic Properties

X-ray crystal structures have been obtained for complexes 3a’*, 3b3+, 3d3* and 43+,

their most relevant crystallographic parameters are reported in Table 1 and 2 whereas

their molecular plots are shown in Figure 1. All their Ru-N bond distances and angles

are within the typical values for octahedral d® Ru(II)Ne type of cations.[34
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Table 1. X-ray crystallographic parameters for complexes 3b3*, 3a’*, 3¢+ and 43*.

3a’(NO3) 3b(PFe)3 3¢(Cl04)3 4(PFe)3
CssH42N1sg Ce2He1F18N12 Ce1Hs6Ci3N14 CseHs4F18N12
Emp. Form.
O3Ruz 04P3Ruz 012Ruz 02P3Ruz
Mr 1205.21 1674.70 1493.69 1576.47
Cryst. Syst. monoclinic triclinic triclinic monoclinic
Space group P21/n P-1 P-1 P2(1)/n
a(d) 15.5976(7) 14.5367(6)) 13.2188(3) 13.2129(4)
b (A) 14.0158(7) 15.9696(6 15.9950(5 19.9774(5)
c(d) 23.0456(11) 17.9748(7) 16.5739(5) 23.3886(6)
o (deg) 90.00 92.694(2) 73.258(1) 90
B (deg) 98.178(2) 110.779(2) 74.330(1) 93.961(2)
Y (deg) 90.00 113.366(2) 69.045(1) 90
V(A3) 4986.83 3494.7(3) 3078.64(15) 6158.9(3)
Z 4 2 2 4
pcalc (g - cm-3) 1.605 1.592 1.611 1.700
p (mm-1) 0.673 0.604 0.697 0.680
GOF on F2 1.128 1.024 1.009 1.032
R1 0.0593 0.0621 0.0566 0.0562
WR2 0.1496 0.2077 0.1324 0.1577

The Ru centres possess an octahedrally distorted coordination geometry as a

consequence of the steric encumbrance provoked by the mutual interaction of the

monodentate ligands, that force them to accommodate above and below an ideal

equatorial plane respectively. As a result of this all complexes posses C2 symmetry and

their optical image counterpart can also be found in each unit cell. At room

temperature in solution the two enantiomers indicated in Equation 3 interconvert

very fast. In order to quantify the degree of distortion of the octahedral geometry

around the Ru centres two parameters have been measured and are reported in Table
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2: a) the RuNNRu dihedral angle, where the Ns belong to the N atoms of the pyrazolate
group of the bpp ligand and b) the py-py’ (bpp’) angle, that is the angle between the
best planes described by the pyridyl groups of the bpp™ ligand. As it can be observed in
the Table 2 the RuNNRu angle ranges from 44° to 53° for all complexes except for 3¢3*
containing the lutidine ligand that is only 26°. For the py-py’ (bpp’) case the angles
range from 17° till 24° with the lutidine one having the lowest value. These two
parameters clearly indicate that in the lutidine complex the degree of distortion is

lower than in any of the other complexes described here.

Figure 1. Caped stick diagram for the molecular structure of the cationic part of complexes 3b3* (top
left), 43+ (top center), 3a’* (top right) and 3¢3* (bottom; two orientations shown) obtained from X-ray

diffraction analysis. Color code: Ru, pink; N, blue; C, gray; H, white.

Another interesting structural feature of the present complexes is the nearly parallel
disposition of the aromatic rings of the monodentade ligands containing pyridyllic

groups, as can also be seen in Table 2.

This indicates a certain degree of m-m interaction between the mentioned aromatic

rings. Whereas for complexes 3b3* the aromatic rings are slightly rotated with regard
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to one another for the 3¢3* complexes the aromatic rings are situated in an eclipsed

manner as can be observed in Figure 1, bottom right.

Table 2. Selected metric parameter (distances in A and angles in deg) for the complexes

described in this paper together with related complexes for comparison purposes.

Complex RuNNRu? py-py’ (bpp-)® py-py’ (L)¢ dcd
3b3+ 45.7 22.3 6.5 3.48
3¢3* 26.8 15.9 2.3 3.34
43+ 44.7 20.4 -- 3.52

3ad+e 53.2 25.9 -- 3.27e
3d’+e 44.3 17.5 0.8 3.52¢
3a’* 44.5 17.6 -- 3.28

2 Dihedral angle that involves the two N belonging to the pyrazolate bridged group of the bpp- ligand
and two metal centers. YAngle between the pyridyl groups of the bpp™ anionic ligand. °Angle between
the best planes that run through the pyridylic monodentate ligands. 9Distance between the centroids of
the two monodentate pyridyl rings. The C atom of the nitrile group is used in the case of complexes

containing MeCN monodentate ligands. *For complexes 3a* and 3d’* see reference 9.

All this particularities associated with the lutidine complex point out the existence of a
certain degree of attractive interaction between rings that will be further discussed
later aromatic region for 3a3*, 3b3* and 43* is plotted in Figure 2 whereas the rest of
1D and 2D NMR for this and all the other complexes described in this work are
presented as Supp. Inf. An interesting feature of these complexes that is reflected in
NMR spectroscopy at low temperatures is the relative rotation of the trpy ligands
needed to accommodate the monodentate ligands. This produces an upfield shift of
the external pyridyl of trpy, the Hr proton, whereas the opposite external Hr proton
suffers a downfield shift!] (see Scheme 1). Finally it is also worth mentioning here that

the Me group of the monodentate MeCN ligand in the mixed ligand complex 4, has a
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0.17 ppm shift with regard to the bis-MeCN, 2a, due to the interaction of the Me group

with the aromatic ring current of the pyridyl ligand.

N I

D._JU J

8.5 8.0 7.5 7.0 6.5 6.0 ppr

Figure 2. 'H-NMR spectra. (A) 3b3** 6-10>M in d3-MeCN taken after 10 minutes at RT. (B) 43*
formed by dissolving 3b3* in d3-MeCN after 7 h at 70 °C. The stars indicate free pyridine resonances.
(C) 3a3" formed by dissolving 3b3* in d3-MeCN after 15 h at 70 °C. (D) 3b3* in d3-MeCN obtained

from an authentic sample. The assignment of all resonances can be found in the experimental section.

The family of complexes described in the present work contain strongly bonded
polydentate ligands that coordinate the Ru(II) centers and benefit from the chelating
effect for extra stability. In sharp contrast their respective monodentate ligands
exchange with coordinating solvents, if they are treated at sufficiently high
temperatures. As an example the following equations show the substitution reactions

that operate when 3b3* is heated in d3-MeCN (the trpy and bpp ligands are not

displayed).
in,in-[Ruz(py)2]3*+ MeCN— in,in-[Ruz(py) (MeCN)]3* + py (4)
3b3+ 43+

in,in-[Ruz[(py) (MeCN)]3*+ MeCN— in,in-[Ruz(MeCN);]3*+ py (5)
4_3+ 3a3+
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The substitution process can be nicely followed by NMR spectroscopy as shown in
Figure 2, and it is interesting to realize here that the substitution process proceeds
very cleanly from 3b3* to 43* to 3a3* without the presence of any other product at the
end of the reaction except for free pyridine. In other words the in,in configuration is
maintained in the two substitution reactions and no isomerization to the potential

in,out or out,out isomers occur (See Scheme 3).

UV-vis spectroscopy has been recorded both in a non coordinating solvent such as
DCM and in MeCN as a coordinating solvent at room temperature. Figure 3 shows the
spectra for complexes 3a3*, 3b3*, 43* and 3b’*, and for the rest of the complexes their

spectra is presented in the Supp. Inf.

N N N N i N N K N N N N
NN/ Py N/ N/ 4NCMe . N/ N/ PY N/ N/ aNeMe . N/ N/
RO RU ——— R0 RU ———» RuU Ru ——— RU Ru ———=» RU Ru

e SN T e N 7 N\ N < S N\

Py Py T Py T PY" 4, 4'% MeCN™ %
e ® e
in,in-[Ru,(py),] (3b3) in-[Ruy(py)] in,in-[Ru,(py)(MeCN)] (4*)  in-[Ru,(MeCN)] in,in-[Ruy(MeCN),] (3a%*)
/+/NCMe /+/NCMe
N N N N
AN N _/ N / A4
AN R RY
VRN
MeCN TPy T LR SR
% %
in,out-[Ru,(py)(MeCN)] in,out-[Ru,(MeCN),]

Scheme 3. Proposed reaction mechanism. The arcs connecting the four N atoms represent the bpp-
ligand whereas the #rpy or bid- ligand are represented by T. The axial coordination of T ligands is not
shown for clarity purposes. In the formulas below the structures the #py and bpp- ligands are not

written.

Table 3 contains the most prominent UV-vis spectroscopic features together with their
redox potentials. As expected for Ru(II)Ne type of complexes with polypyridylic ligands
[35] they present - ligand based allowed transitions below 300 nm and MLCT and dd
bands above 300 nm. Two MLCT bands that appear in the range of 400-550 nm are
particularly interesting since they shift to the blue when comparing the pyridine

complex 3b3* with the MeCN complex 3a3*.
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Table 3. UV-vis spectroscopic features and redox properties for complexes 3%*, 3°*and 43* recorded in

DCM.

Complex

UV-vis

Amax, nm

(s, M'lcm)

E122

M
LI —ILII

E122

M
TILII —TILIT

AE1/2

(mV)

3b3+

464 (12867)
498 (11730)

1.05

1.34

290

43+

440 (9127)
469 (11727)
495 (8533)

1.09

1.34

250

333+

444 (13238)
476 (11874)

1.08

1.40

320

3c3+

470 (9412)
502 (10059)

1.04

1.29

250

3b™*

524 (2129)
574 (2760)
646 (2157)
717 (1850)

0.72

0.98

260

3a™

503 (4005)
540 (5290)
598 (4062)
660 (2265)

0.74

0.95

210

3d+

530 (2939)
576 (3794)
650 (2984)
723 (1586)

0.70

0.95

250

2E 1,2 obtained from DPV (pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling width of 0.02

s and a pulse period of 0.1 seconds ) reported vs. SSCE.

The latter is known to produce a stronger backbonding interaction with Ru, that in

turn destabilizes dm(Ru) orbitals and as consequences the two MLCT shift to higher

energy, this is graphically shown in Figure 3 top. For the case of the bid- complexes the

anionic character of the ligand produces a destabilization of the dm(Ru) orbitals that

as a consequence produce a red shift of the MLCT bands, nicely shown for complexes

3a3* and 3a’* in Figure 3 bottom. Finally for complexes containing the bid- ligand a

larger amount of m-m* bands are observed which are associated with the bid" ligand

(see Supp. Inf. for a UV-vis of the free ligands).
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0,6 -
0,4 -
0,2 -

200

2,04

Abs.

0,54

0,0

Figure 3. UV-vis spectra in CH2Cl, for 36 uM solutions of complexes: Top, 3b3* (gray line, A), 3a3*
(black solid line, B) and 4*" (dotted line, C). The inset show en enlargement in the 400-550 nm

300

500 600 700 800

A (nm)

400

region. Bottom, 3a3* (dotted line) and 3a’* (solid line).

The energy shifts of the MLCT bands observed in the UV-vis are in agreement with the

electrochemistry displayed by these complexes which is described below.

Redox properties have been investigated by means of CV and DPV in CH2Clz and their
clyclic and differential plulse voltammograms are presented in the Supp. Inf., whereas

their formal redox potentials are shown in the experimental section and in Table 3.
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All the complexes studied in the present work display two redox processes, that are
due to two consecutive le- removals. Equations 6 and 7 exemplify the case for 3b3*

(trpy and bpp- ligands not shown),

in,in-[Ru™Ru" (py)2]** + 1e- — in,in-[Ru'2(py)2]3* E1/2=1.05 (6)
3b4+ 3b3+

in,in-[Ru™z(py)2]>* + 1e- — in,in-[RuRu'(py)2]** E12=1.34  (7)
3b5+ 3b4+

A first glance at Table 3 shows that in general complexes containing the MeCN ligand
have slightly higher redox potentials compared to the ones containing the pyridyl
ligand, as a consequence of the stronger m-acceptor character of the former with
regard to the latter. On the other hand the replacement of trpy by the bid ligand
produce a decrease of redox potentials by about 330 to 450 mV due to anionic
character of the latter. It is also interesting to realize that the difference between the
HLII/ILIT - HLI/ILID oscillates between 210 and 320 mV and thus indicates a

significant variation of the degree of coupling between the Ru metal centers.

Substitution reactions Kinetics

Thermal substitution kinetics of 3b3*, 3b** and 3c¢3* to their corresponding MeCN
derivatives 3a3*, 3a‘* have been thoroughly studied at different temperatures and
concentrations by 'H-NMR and UV-Vis repetitive scans, using SPECFIT to fit the data
and extract Kinetic and thermodynamic parameters. For specific cases kinetics were
also followed by "H-NMR spectroscopy and both methods gave fully consistent results.
Furthermore as mentioned earlier NMR spectroscopy clearly showed that no other
reactions besides the nitrile substitution processes takes place under the conditions
studied here. In all cases the data could be fitted with a simple model involving two
consecutive reactions with second order rate constants as indicated in Equations 4

and 5 for the 3b3* case.

The first substitution reaction follows the rate law “v = kK’1[3b3*][MeCN]” whereas the

second one follows “v = kK’2[43*][MeCN]". All the studied reactions were carried out in
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neat MeCN as solvent and thus pseudo-first order rate constants were obtained for the
two processes with rates laws: “v = ki[3b3*]” (with k; = ki'[MeCN]) and “v = kz
[43*]” (with k2 = k2'[MeCN]).

ADbs.

0 200 400
time (min)

Abs.

T T T T T T T T T
350 400 450 500 550
A (nm)

Figure 4. Kinetic profile for the reaction of 3¢** (61'uM) in MeCN at 66.3 °C monitored by UV-vis
spectroscopy. Inset, plot of the 438 nm absorbance vs. time (black circles) together with fit (solid

line). See text for details.

Figure 4 shows the spectral changes every 10 minutes that occur when 6.1 x 105 M
solution of complex 3¢3* in MeCN at 66.3 °C, whereas a plot of absorbance vs. time at
Amax = 438 nm is shown in the inset. Mathematical treatment of the data gives k1 = 9.0
x10-3 s! and a kz = 4.2 X103 st and shows that the first process is much faster than

the second one.
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Table 4. Rate constants calculated at 40.0 and at 20.0 °C, together with their corresponding activation

parameters, for the two substitution reactions.

Complex k k x10° k x10° a5 aGE?
(313K) (293K) x103¢ (298K)

3b* ki 1192 9.6+ 0.3 93.7 29.3 84.9

k2 0.9+ 0.2 0.04+0.03 1335 1171 98.7

3b3+ k1 1.72 + 0.04 2:1022 110.0 46.0 95.8
ks 0.10 + 0.04 4102 129.3 83.7 104.2

3c3* ki1 0.18 £ 0.02 41032 108.4 29.3 99.6
k2 0.09 + 0.03 2-1032 106.3 16.7 101.7

aCalculated values from Eyring equation. ® In kJ ‘mol-1. ¢ In J mol-!-K-!

Evaluation of rate constants at different temperatures allowed us to calculate
enthalpies and entropies of activation for the two consecutive processes from their
corresponding Eyring plots. Rate constants at 20 and 40 °C and activation parameters
for the three complexes are reported in Table 3 whereas the Eyring plots are

presented as Supp. Inf.

A first glance at the Table shows that in general the first substitution reaction, kj, is
faster than the second one kg, for the three systems studied here. In particular at 40 °C
for 3b** ki is more than two orders of magnitude higher than k. whereas for 3b3* they
differ a little more than one order of magnitude. Finally for 3¢3* ki is about two times
larger than kz. A second trend that can be deduced from Table 3 is that the complex
that contains the anionic bid" ligand, 3b** has much larger rate constants than the ones
containing the trpy ligand. In particular ki at 293 K for 3b’* is more than two orders of
magnitude higher than for 3b3*, this phenomenon is clearly linked to the stronger
sigma donation capacity of bid, as shown also by UV-vis spectroscopy and

electrochemistry, vide supra. 361
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DFT Calculations on the Substitution Mechanism

Geometric optimization of complexes 3b3*, 43* and 3a3* was carried out following the
ONIOM methodology described in the Experimental Section of the Supp. Inf.
Calculated structures are shown in the Supp Inf. and selected structural parameters
displayed in Table S4.1 in the Supp. Inf. Comparison with experimental values
obtained by X-ray diffraction analysis show an excellent agreement. The substitution
reactions indicated in Equations 4 and 5 were also explored by ONIOM calculations.

For this purpose the reaction was divided in two steps as follows:

First substitution,

in,in-[Ruz(py)2]** — in-[Ruz(py)]** + py (4a)
3b3+

in-[Ruz(py)]?* + MeCN — in,in-[Ruz(py)(MeCN)]3*  (4b)
4_3+

Second Substitution,

in,in-[Ruz(py)(MeCN)]3* — in-[Ruz(MeCN)]3* + py (5a)
43+

in-[Ruz(MeCN)]3* + MeCN — in,in-[Ruz(MeCN)2]3*  (5b)

3a3+

This dissociative mechanism, where the pyridine dissociates fully before the
acetonitrile comes in was found to provide good agreement with experiment, while we
could not locate the corresponding transition states to the alternative associative

mechanism, which would require 7-coordination.

On dissociation of pyridine the structures of the intermediates, in-[Ruz(py)]** and in-
[Ruz(MeCN)]3*, are found to relax to geometries with approximately planar backbone
ligands and with the terpyridine ligands in the out position. This geometry favours the
formation of in,in complexes. The coordination at the metal centre is closer to

octahedral, with one vacant coordination site at the second metal centre. Some
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rearrangement is necessary in the dissociation and coordination of ligands but this
appears to be compensated for by the coordination energy. The dissociation of

pyridine was found to occur with a smooth increase in energy with no transition state.

As shown in Figure 6, substitution reactions 4 and 5 are calculated to be exothermic by

24 k] mol! and 18 k] moll, respectively.
The potential formation of the in,out isomer, as indicated in the following equation,

in-[Ruz(py)]3* + MeCN — in,out-[Ruz(py)(MeCN)]3* (8)

inout-43*

is calculated to be less favorable than formation of in,in-[Ruz(py)(MeCN)]3* by 24 K]
mol, which along with the geometry of the dissociated complex explains why it has

not observed experimentally.

The calculated activation barriers depend quite heavily on the free energy corrections,
which are very large for the dissociation step, decreasing the dissociation energy from
59 k] mol! to -6 k] moll. However entropy corrections are usually overestimated in
solution and the true value is likely to be somewhere between the two. This is
discussed in the theoretical section, and explains why the potential energies
overestimate the experimentally calculated values. Despite the challenges, the
differences between the reactions still give valuable insight into the reaction,

especially since the free energy correction is similar for the two cases.

The experimental AH* in Table 4 range between 92-134 kJ/mol in agreement with the
breaking of a Ru-N bond as has been previously reported in the literature for related
complexes.371 All the experimental and Kinetic data obtained is in agreement with the
mechanism proposed in Scheme 3. That is upon heating the complex a Ru-N bond
from the pyridine monodentate ligand is broken with the formation of a 5 coordinated
intermediate that quickly reacts with a solvent molecule to generate a the mixed
monodentate complex (43* for the case of 3b3*). At this point two isomers could be
obtained the in,in-43* or the in,out-43*, however only the former is generated since it is
much more thermodynamically stable as has been put forward by DFT calculations.

The stronger Ru-N bond formation by the MeCN ligand given its higher m-
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backbonding character, with regard to the pyridine ligand, together with the
intrasuparmolecular effects are the thermodynamic driving force for the two

consecutive substitution reactions.

N Y
\_7/ \J/\

Figure 5. Parallel arrangement of two pyridine rings, left, and two lutidine rings, right, in the

structures of 3b3* and 3¢3*. The rings are rotated 60° with regard to one another

The differences in the overall exothermicity of the substitution reactions can be
explained through a reduction in steric crowding on replacement of pyridine with
acetonitrile. This is especially evident when looking at the calculated energy of
dissociation. Dissociation of the pyridine ligand in reaction 4a is calculated to be
approximately 40 k] mol? less endothermic than in reaction 5a (the corresponding
experimental value is 19 kJ-mol). Since each substitution reaction is chemically
identical for the metal centre at which the reaction occurs, the difference must be
primarily due to the changes in steric crowding between the metal centers. This is
clearly more important for the first substitution since even from inspection it is
possible to see that the intermediate in,in-[Ruz(py)(MeCN)]3* is less sterically crowded
than the reactant in,in-[Ruz(py)2]>*.

The reduction in steric strain through the reaction is reflected in the changes in bond
lengths and angles. There is a consistent decrease in Ru-N bond lengths from in,in-[Ru;
(py)2]3*, in,in-[Ruz(MeCN)(py)]3* to in,in-[Ruz(MeCN)2]3*. The Ru-Ru and L-L distances
also decrease. Ru-N and Ru-Ru distances are smaller for the intermediate five
coordinate complexes with only one ligand L, in-[Ruz(py)]3* and in-[Ruz(MeCN)]3*. All
of these results are consistent with a decrease in unfavorable steric interactions when
pyridine is removed. It also suggests that the interaction between the pyridine groups
in the in,in-[Ruz(py)2]3* complex is repulsive and thus it is destabilized with regard to
in,in-[Ruz(MeCN)2]3*.
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Finally, the AG* of activation at 298 K for all the systems are in the range 85.0-101.7 k]/
mol. However for 3b** and 3b3* the difference between the first and second process is
13.8 and 8.4 kJ/mol respectively whereas for 3¢ (L = 3,5-lutidine) is only 2.1 k]J/mol.
This is a key observation since as mentioned earlier the net process that occurs in the
two consecutive reactions are exactly the same, that is the breaking of a Ru-N
(pyridine) bond and the formation of a Ru-N(acetonitrile) bond. Therefore the
energetic differences must be due to boundary effects. The through-space interaction
between the ligands involved was confirmed through an additional set of single-point
calculations on the ligands frozen at the geometry they have in the optimized
ruthenium dimers, as shown in Figure 5. The interaction is repulsive at the B3LYP level
(23 KkJ/mol for pyridine, 28 kJ/mol for lutidine), but attractive when dispersion
corrections are included at the B3LYP-D level (-7 k]/mol for pyridine, -18 k]J/mol for
lutidine). The importance of dispersion corrections is not surprising, and adds to the
growing number of examples showing their importance.?”] The result is however
relevant to the topic under discussion because it shows an attraction which is 11 KkJ/

mol larger for lutidine than for pyridine.

For the case of 3b3* and 3b’* the comparison between the barriers for the two steps
show that the pyridine-pyridine interaction broken in the first substitution is slightly
less favored than the pyridine-acetonitrile interaction broken in the second
substitution. As a consequence the first process is more favored than the second 3.2
and 2.0 kJ/mol for 3b’* and 3b3* respectively. On the contrary, for the lutidine case,
3c3*, the barriers are much more similar, with a difference of 2.1 k]/mol. This means
that the lutidine-lutidine interaction is less disfavored with respect to lutidine-
acetonitrile. And as a consequence, that lutidine-lutidine is more favorable than
pyridine-pyridine. This is in sharp contrast with the intuitive notion that the more
substituted aryl ring would end up having the larger steric repulsions. This is actually
the case for the isomerization process shown in Equation 3 where the interconversion
of the two isomers is highly dependent on steric effects that occur at the transition

state, since in this particular case there is no bond breaking or forming. [°!
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Figure 6. DFT/MM Computed potential energy profile (free energy) in kJ/mol for the first and second

substitution reactions.

The stronger attractive interaction between the monodentate ligands in the lutidine

case, 3c3*, is very likely associated to the special spatial arrangement of the

monodentate ligands provoked by the bridging bbp™ ligand in combination with the

auxiliary trpy ligands. As mentioned earlier in the structural section, for the case of the

pyridine and pyridine substituted ligands the aromatic rings are situated in a nearly

parallel manner. As shown schematically in Figure 5, they are in a nearly eclipsed

conformation, which is rotated 60° with regard to an imaginary axis that would be

perpendicular to the mentioned aromatic ring. This particular arrangement is

provoked by the auxiliary and bridging ligand scaffold, but it has the consequence of
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reducing the eventual steric repulsion between the methyl substituents, and favoring

attractive interactions, which are likely of C-H 1 or m-m nature.

3.3.5. Conclusions

We have prepared and thoroughly characterized a family of dinuclear complexes of
general formula in,in-[{Ru'(T)(L)}2(u-bpp)]™* briged by the bpp- ligand and containing
two additional meridional ligands the neutral trpy or the anionic bid. The final
octahedral coordination is occupied by monodentate ligands such as pyridine,
substituted pyridines and MeCN. We have also investigated the substitution kinetics of
the monodentate ligands that in turn have allowed us to understand the
intrasupramolecular effect that exists between the monodenate ligands. In the case of
lutidine the precise disposition of the monodentate ligands show the existence of an
attractive interaction between the ligands. The present work constitutes an example of
how dinculear complexes with the right ligand design can permit a precise control of
supraintramolecular interactions that can be both, attractive or repulsive depending

on the ligands used.
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Chapter 4

New Insights Into Ruthenium Polypyridyl
Complexes as Water Oxidation Catalysts

During the last decade there has been a significant development in the field of
homogeneous catalytic water oxidation. Although different metal centers, such as Ru,
Mn, Ir, Fe and Co, have been utilized as catalysts, to date ruthenium polypyridyl catalysts
remain the most intensively studied. The high control achieved for the coordination and
synthetic chemistry of these molecular complexes offer the prospect of specific tailoring
of the structure and composition of suchs catalysts. Herein we report the synthesis,
characterization and electrocatalytic experiments performed with a new catalyst
derivative of the bpp system in which the terpyridine ligands have been functionalized
with a sulphonate group to be anchored onto TiOz covered FTO films. Additionally the
study of the relative stability of the different oxidation states and the photoisomerization
process at oxidation state Il of the water oxidation catalyst cis-[Ru"(bpy)2(H20):]?* has
been studied by DFT theoretical calculations.
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4.1. INTRODUCTION

Ruthenium complexes exhibit a large amount of applications in very diverse fields of
chemistry in part as result of nice correlations between their properties and the
nature of the ligands bound to the central metal. In the majority of cases, the most
stable oxidation state of Ru complexes is II or III, but Ru compounds can display a wide
range of oxidation states, from formal oxidation state -1I in [Ru(C0)4]% to VIII in RuOa.
Therefore, ruthenium complexes are redox-active compounds and their application as
redox reagents in different chemical transformations has been widely studied.l" 2!
Thus, it should come as no surprise that ruthenium complexes have played a leading

role in the field of catalytic homogeneous water oxidation.

The presence of N and O donor atoms on ruthenium polypyridyl complexes allow the
stabilization of high oxidation states, which make this complexes especially suitable to
be used in oxidative processes such as water oxidation. These catalytic systems take
advantage of the favorable energetics provided by proton-coupled electron transfer
and cycle through the so called Ru-aqua/Ru-oxo chemistry. In some cases high
efficiencies and rates of oxygen evolution have been reached with these catalysts.[® 4
However, their performances remain far below from that of the naturally occurring
water oxidizing complex. The OEC of PSII is known to reach TOF of ca. 1000 s and

TON of more than 1 million.!

The main challenges in the field are still the understanding the reaction mechanisms
of the known active catalysts and finding an efficient and rugged catalyst. A deep
knowledge of all the processes occurring in the active catalytic systems, and the
factors governing and influencing them, should set the basis for future development

and rational design of water oxidation catalysts.

4.1.1. The 3,5-Bis(2-pyridyl)pyrazole (Hbpp) system

Since the first molecularly well characterized homogeneous water oxidation catalyst
cis,cis-[{Ru(trpy) (H20)}2(n-0)]** (I, Figure 1), the binuclear ruthenium “Blue

dimmer”, was reported in 1982 Meyer’s group many derivatives have been synthesized
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and a large number of studies regarding their structure, redox properties and catalytic
mechanism have been reported.l®2! Even though, to date no consensus has been met
yet regarding the catalytic pathway,['3-18] it can be extracted from these studies that
the two most important deactivation pathways of this catalytic system are the

following:

- The so called anation process. The coordination of anions compete with water for the
first coordination sphere of the ruthenium centres. In some cases, as with triflate, the

anion can block the labile sites in a chelating manner (Scheme 1, I).

- The cleavage of the p-O bridge that holds together the two ruthenium centres. In the
lower oxidation states, such as IL1I], this complex undergoes reductive cleavage of the
Ru-o0-Ru bond within the cyclic voltammetry time scale, leading to the corresponding

mononuclear complexes (Scheme 1, I1).[1]

o o
) F|{u/ \Fliu + ox Flzu/ \Fl{u + 2H,0 (X= anion)
OH, OH, X X
1ONgyl e, H OH H0
m R Ry ——— gyl 2 F|1u"
OH, OH, (|3H2 OH,

III) LRu—RuL + LRu RulL » Oxidized inactive compound
Il | Il I
O\/ @) 0]

Scheme 1. Proposed deactivation pathways for binuclear ruthenium polypyridyl complexes. Anation

process (I). Reductive cleavage (II). Bimolecular catalyst-to-catalyst oxidative deactivation (III).

Another of the most studied catalyst from a mechanistic standpoint is the in,in-[{Ru"
(trpy) (H20)}2(u-bpp)]3* (Right, Figure 1) reported by Llobet’s group in 2004.[2%
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Trpy

Figure 1. Structures of the two mechanistically more studied complexes for homogeneous water
oxidation. 1) cis,cis-[ {Ru(trpy)(H20)}2(p-0)]*" form the X-ray crystal?!! and II) in,in-[ {Rul(trpy)
(H20)}2(u-bpp)]** from calculated coordinates.!??! Left, drawing of the polypyridylic ligands trpy, bpy
and bpp-.

In the absence of the oxo bridge the reductive cleavage deactivation pathway is
excluded, as well as the potential cis-trans isomerization of the bisoxo group that is
known to happen in cis-[Ru'/(bpy)2(H20)2]?*[23 Additionally, the competing anation

process was reduced due to a lower the overall positive charge of the active species.

The introduction of the more rugged dinucleating multidentate polypyridyl ligand bpp
to replace the oxo bridge not only attempted to overcome the previously mentioned
handicaps of the blue dimmer, but also sought to force a rigid face to face relative
disposition of the two aqua ligands. The disposition of the two ruthenium centers is
close enough to ensure significant through space interactions between the aqua

ligands, but still far enough so that a p-0 bridge is not favored.
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A thorough UV-vis kinetic analysis combined with 80 labeling experiments and theory
have been really useful to reveal the mechanism of the latter catalyst which is depicted

in Figure 2.122 24]

The process starts with four consecutive ET processes, all first order with respect to
both the catalyst and Ce!". The rate of these ET processes decreases as the oxidation
increases, being the fourth the slowest ET step. Unlike with the blue dimmer, no O2

evolution was observed until the IV,IV state was reached.

After reaching IVIV oxidation state an intermediate was observed prior to oxygen
evolution. The last two steps are much slower than the ET processes and are first

order in catalyst concentration, excluding a bimolecular 0-0 bond formation pathway.

The 0 labeling studies of the first catalytic cycle were consistent with an
intramolecular 0-O bond formation as the only mechanism operating in the system.

Thus, the solvent water nucleophilic attack pathway was excluded.

'?“"_'?“” kET', Fllu"—l'-llu'” kET?, Flmm_Fllum kEU, Flmlll_FI‘uIV kET4, Fllu'V—Fllu'V

OH, OH, OH, OH, OH OH, OH OH o o

ket > Kgro > Kers >> kery

l(l
I
/e N\
0, 2H,0
H,0 _
H,0 0=0
Intramolecular RuUV—RuV — Rull—Ru!l LN Rul—Ru! ~— Ru'—Ry!
1 [ v \ | [
Mechanism I | - o on OH, OH,
OH
Water H,0 H,0 0=0
. Ru—Ru —»—» Ru—Ru —~— Ru—~Ru
Nucleophylic I Il \ | \ |
(0] (o] (@] OH OH, OH,
Attack “oH

Figure 2. Mechanism of water oxidation for in,in-[ {Ru'(trpy)(H20)}2(u-bpp)]**. Squared, the two

considered oxygen evolution pathways.
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Combined DFT and CASSCF/CASPT2 theoretical calculations were run to study the last
two steps of the catalytic cycle. The results suggested an initial formation of a p-(1,2)-
peroxo bridged structure, in oxidation state IILIII, that evolves to a terminal
hydroperoxo which, in turn, releases oxygen regenerating the initial active species.
The slowness in the last steps was attributed to a mismatch between spin states for

the oxyl coupling.

The deactivation pathways for this catalyst were also evaluated in these studies. The
participation of an anation process was evidenced by the dependence of the Kinetic

profile on the nature of the catalyst’s precursor anion used.

The demonstrated high oxidative power of the catalyst, added to the fact that CO2
evolution has been detected when slight changes on the catalyst ‘s structure were
introduced, lead the authors to propose an additional bimolecular catalyst-to-catalyst

oxidative deactivation pathway (Scheme 1, III).

Two derivatives of the in,in-[{Rul'(trpy)(H20)}2(u-bpp)]3*, functionalized in different
positions with different functionalities, to be anchored on solid surfaces of
semiconductor materials have been reported. In both cases still Ce!V was used as

sacrificial oxidant.

In the first case the trpy ligands were functionalized with pyrol units and the resulting
catalyst was electropolymerized onto carbon and FTO electrodes. Upon addition of a
dilution agent copolymerized with the catalyst a substantial increase of the number of
TONs was observed, from 18 with the homogeneous unmodified catalyst to 250.[25]
This increase in performance was attributed to the reduction of the catalyst-to-catalyst
deactivation pathway. In a second attempt, a catalyst with the bpp™ functionalized with
a carboxylate was synthesized and anchored onto TiOz powder, unfortunately the
initial oxygen evolution was followed by CO: release which led to the deanchoring of

the catalyst.[20]

Even though these two systems were not fully satisfactory they represent a proof of
principle and set the basis for the development of a solid-state modular devices. These
sort of systems should potentially present better performances if the Ce!V previously

used as an indiscriminate chemical oxidant is replaced by a more clean oxidative
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source such as the one resulting by applying the proper potential on a conducting solid

support.

4.1.2. The cis-[Ru(bpy)2(H20)2]?* mononuclear water
oxidation catalyst

Inspired by the natural system, initial efforts in the field of water oxidation were
focused on multinuclear approaches. More recently a series of ruthenium polypyridyl
aquo complexes have also been found to be active as mononuclear homogeneous

catalysts for water oxidation without catalyst dimerization (see Chapter 1).[27-28]

Long before these revolutionary mononuclear catalysts appeared, Meyer’s group
reported the detection of oxygen after chemical oxidation of the cis-[Ru"(bpy)2(H20)2]
2+ complex, a precursor of the blue dimmer. The authors attributed the oxygen
evolution to the formation of RuO; as active catalyst, which appeared as a black solid

in the reaction vessel.[12 2]

hv

Figure 3. Bottom, schematic representation of the cis/frans photo isomerization process observed by
[Ru'l(bpy)2(H20)2]%*. Top, X-ray structures of the cis-[Ru(bpy)2(H20)2]>"13% and trans-[Ru'l(bpy)2
(H20),]**B31 cations.
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More than twenty years later, this catalytic system has been “revisited” and its
performance studied with the state-of-the-art technologies in the field.[*?! It was not
only novel the demonstration that the cis-[Ru"(bpy)2(H20)2]?* species was the real
catalyst, but it was the first example of full prove of water oxidation by water

nucleophilic attack as sole mechanism.

Since the original article by Meyer's group was focused on the cis/trans
photoisomerization, observed in oxidation states II and III of this ruthenium
compound, the new study compared the performances of cis- and trans-[Ru(bpy):

(H20)2]?* isomers of with that of the RuOx.

The marked divergence between the 0:-evolution profiles of the different catalysts
evidenced that in all cases the mechanisms, and therefore the active species, were

different.

Scheme 2. Considered reaction pathways for the oxidized complex cis-[RuV!(bpy)2(0)2]**

As the initial electron transfer steps in this type of catalysts are usually much faster

than the chemical reactions that follow, the much slower performance of the trans
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isomer revealed that the cis/trans isomerization in the higher oxidation states did not

occur, under the working conditions.

Additionally water labeling experiments of the first catalytic cycle unambiguously
demonstrated that the mechanism operating in the cis-[Ru"(bpy)2(H20)2]%* is the
water nucleophilic attack. This results were in good agreement with the energetic
barriers calculated at DFT and CASPT2 levels of theory for the nucleophilic attack

compared to those of an intramolecular 0-0 bond formation pathway.

Even though the mechanism of this catalytic system has been clearly elucidated, the

reasons for its poor performance are not yet fully understood.
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4.2. THE Bpp CATALYST ANCHORED ON TiO: BY
SULFONATE GROUPS

20 A

A new u-acetato-bridged complex with general formula in,in-[{Ru”(trpy*)}z (u-
bpp)(u-Ac0)]?> (tpy* is 5-([2,2':6'2"-terpyridin]-4'-yl)-2-methylbenzene-1,3-
disulfonate), was prepared and fully characterized. Major alterations are observed
on the sulfonated compound when anchored onto TiO2 covered FTO surface. The
electrochemically generated Ru'"-Ru" form of the complex is not capable of

oxidizing water but oxidizes ethanol at pH = 1 (triflic acid).

115



New insights into ruthenium polypyridyl complexes as water oxidation catalysts
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4.2.1. Abstract

An organic ligand based on 4'-(p-tolyl)-2,2":6',2"-terpyridine functionalized with two
sulphonate groups (trpy*) was prepared and characterised. The ligand was then used
to synthesise a series of ruthenium compounds with formulas [Ru™(Cl)3 (trpy*)] (1%),
[Ru'(trpy*)2]% (2*) and in,in-[{Ru"(¢trpy*)}2(u-bpp) (L-L)]™ (L-L= p-AcO and n = 2 in
3*; L-L = (H20)2 and n = 1 in 4%*). The complexes were characterised in solution by 1D
and 2D 'H-NMR spectroscopy, UV/Vis spectroscopy and electrochemical techniques.
The dinuclear complex 4* was anchored on anatase disperse nanoparticles and the
reactivity of this new material as water oxidation catalyst was tested using Ce!V as
chemical oxidant. The little formation of dioxygen was accompanied by carbon dioxide
release. In a different approach, complex 4* was anchored on anatase coated FTO film.
Upon heterogenization, the electrochemical properties of compound 4* were
significantly modified which had direct implication in its deactivation as water

oxidation catalyst.
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4.2.2. Introduction

Inspired by the photosynthetic natural processes, scientists envision the design of a
device capable of using water and sunlight to obtain the so called solar fuels as an

alternative energy source to the fossil fuels that drive today’s global economy.

To achieve artificial photosynthesis, a set of reactions should be coupled to a light
harvesting device/molecular assembly in such a way that the overall process is driven
by sunlight. Additionally, it would be desirable that the two half reactions involved in
the process took place in physically different compartments so that the oxygen
released and the reduced fuel material could be stored separately. Thus, any device
design should have at least four basic components: A a sun light harvesting moiety, a
water oxidation catalyst, a reduction catalyst and a proton selective membrane that

ensures the balance of the proton gradient between the reaction compartments.

One strategy towards the design of a device for artificial photosynthesis is a modular
approach in which the components that will be assembled in the final operational
device are designed and studied separately. Subsequently, gradual coupling of the
device’s subunits should allow a full control of all the features intervening in the
process. This would ultimately lead to an accurate understanding of the resulting
performance and, consequently, open the possibility of a rational design and

improvement.

Significant steps have been done towards the understanding and the design of
oxidation and reduction catalysts in homogeneous phase.['4l Even though it is widely
accepted that a rugged device will most likely involve immobilised materials on
conducting surfaces, very little is known regarding the impact of the immobilisation of

such catalysts on their properties and performances.[>7!

Here we report the synthesis and characterisation of complex in,in-[{Ru"(trpy*) (H20)}
2(u-bpp)]* (4*%) as new water oxidation catalyst. Its terpyridine ligands contain
sulfonate groups (trpy* Scheme 1) to enable its anchoring onto the surface of TiO.. Its
structural, spectroscopic and electrochemical properties, both in solution and

anchored onto TiOz, have been studied and compared with the previously reported
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non-sulfonated water oxidation catalyst in,in-[{Ru!'(trpy)(H20)}2(u-bpp)]** (4) (the

ligands are drawn in Scheme 1).189]

trpy trpy * bpp AcOr

Scheme 1. Ligands used in this work and including their abbreviations and NMR labeling scheme.

Finally, the performance of 4*-TiOz as heterogeneized water oxidation catalyst using
Ce!V as sacrificial chemical oxidant and its applicability as electrocatalyst supported

onto TiO; coated FTO films have been tested.

4.2.3. Experimental Section

Materials

All reagents used in the present work were obtained from Aldrich Chemical Co. or Alfa
Aesar and were used without further purification. Synthesis grade organic solvents
were obtained from SDS and were routinely degassed with argon. Methanol was
distilled over Mgl, ethanol was dried with 3.5 A molecular sieve and diethyl ether was
used from the SPS. High purity deionized water was obtained by passing distilled
water through a nanopure Mili-Q water purification system. The titanium oxide
powder was supplied by Aldrich and described as nanopowder TiO2-Anatase (particle
size < 25 nm). TiO2 paste for film coating was purchased from Solaronix SA (average

particle size 13 nm).
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Preparations

The 3,5-bis(2-pyridyl)pirazole (Hbpp) ligand,!*® M[Ru"'Cl3(trpy)] (2),[*% {[Ru(trpy)]2
(u-bpp) (u-Ac0)}(PFe)3 (3(PFe)s3)® were prepared as described in the literature. All
synthetic manipulations were routinely performed under argon atmosphere using

Schlenck and vacuum line techniques.

Synthesis of 5-([2,2":6',2"-terpyridin]-4'-yl)-2-methylbenzene-1,3-disulfonate
(trpy®). To 4 mL of oleum (20 % free SO3) in a 10 mL shlenck flask, 500 mg (1.55
mmol) of 4’-p-Tolyl-2,2":4’,2”-terpyridine were added in small portions. The flask was
connected to a glass-condensator (previously purged with argon and connected to an
argon filled balloon) and the solution was then refluxed at 200 °C for 3 h. After cooling
to room temperature, the solution was poured onto a 250 mL flask containing 150 mL
of aqueous NaOH solution ( 1g NaOH in 150 mL H20) resulting in a suspension with
pH = 0.5-1. Then, the light brownish solid was filtrated and dried over vacuum. Once
dry, the powder was dissolved in 100 mL of MeOH and NEt3 was added until complete
solubilization of the solid. After reducing the volume to 50 mL, the addition of 50mL of
diethyl ether resulted in the precipitation of the deprotonated product as a white
powder which was filtrated and dried over vacuum. Yield: 90%. Anal. Calc. for
C22H15N3Na206S2:2H20: C, 46.89; H, 3.40; N, 7.46; S, 11.38. Found: C, 47.72; H, 3.52; N,
7.50; S, 10.03. 'H-RMN (400 MHz, MeOH-ds4, 298 K, ppm): §, 8.80 (s, 2H); 8.78 (d, 2H);
8.75 (s, 2H); 8.72 (d, 2H); 8.09 (dt, 2H); 7.56 (ddd, 2H); 3.23 (s, 3H). 3C-RMN
(400MHz, MeOH-d4, 298 K, ppm): 6§ 156.3; 155.8; 149.1; 149.0; 146.3; 137.5; 137.2;
134.4; 127.4; 124.3; 121.6; 118.3; 16.3. UV-vis (H20) [Amax, nm (g, M'lcm)]: 222
(35308), 252(28233), 278 (34167), 314 (8651). MALDI(-)- MS: (MeOH): 504 [M-Na]-,
240.5 [M-2Na]*

Synthesis of [Ru(Cl)z(trpy*)]-MeOH (1*). 0.230 g of RuClz -xH20 (1.1 mmol) and
0.468 g of LiCl (11 mmol) were dissolved in 30 mL of absolute ethanol and heated to
75 °C. Then, 0.485 mg of trpy* (0.92 mmol) dissolved in 170 mL of absolute ethanol
were added drop wise during 3 h. Following, the reaction solution was kept at 75 °C
for one more hour. After cooling to room temperature, 287 mg of a red precipitate was
filtered off ([Ru (trpy*)]Naz (3*)). The volume of the mother liquor solution was
reduced to 15 mL in a rotatory evaporator and more of the red precipitate was filtered
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off. Then, 50 mL of diethyl ether were added slowly to the filtrated EtOH solution from
which a dark brown solid precipitated. The solid was then filtrated and was
redissolved in dry methanol, reprecipitated with dry diethyl ether and filtrated. After
rinsing several times with diethyl ether. 0.187 g (0.25 mmol) of the highly hydroscopic
solid were obtained. Yield: 30 %. Anal. Calc. for C23H19CIsN3Na207RuS2: C, 36.02; H,
2.50; N, 5.48; S, 8.36. Found: C, 35.69; H, 3.0; N, 5.80; S, 8.52. MALDI(-)- MS: (MeOH):
333 [M-2Na-Cl]%, 344 [M-2Na]?.

Synthesis of [Ru"(trpy*)z]Naz (2*). 50 mg of RuClz -xH20 and 0.250 g of trpy* were
dissolved in 80 mL of a mixture 2:1 (absolute ethanol:water) and heated to 95 °C
overnight. After cooling to room temperature an undesired grey precipitate was
filtered off and the mother liquid solution was evaporated to dryness. The resulting
orange solid was redissolved in 30 mL of methanol containing 10 drops of water.
Consecutively, diethyl ether was added until complete precipitation. The orange
product was filtered and dried over vacuum for several hours. Yield: 56 %. Anal. Calc.
for C44H46NeNa2020RuS4: C, 42.14; H, 3.70; N, 6.70; S, 10.23. Found: C, 41.79; H, 4.02; N,
7.04; S, 9.89. '"H-RMN (400 MHz, MeOH-d4, 298 K, ppm): §, 9.020 (s, 4H, Hg); 8.715 (s,
4H, H;); 8.57 (d, 4H, Ha, Jan= 8.04 Hz); 7.86 (t, 4H, He, Jac = Jo» = 8.04 Hz); 7.38 (d, 4H, Hg,
Jac = 8.04 Hz); 7.09 (t, 4H, Hy, Jva = Job = 8.04 Hz); 2.998 (s, 6H, Hm). UV-vis (H20) [Amax,
nm (g, Mlcm™)]: 286 (58200), 310 (60676), 492 (26029). E1/2(H20 pH = 7, V vs SSCE):
1.043. MALDI(-)- MS: (MeOH): 532 [M-2Na]?.

Synthesis of [{Ru"l(trpy*)}:(u-bpp) (n-02CMe)](Na)z-Acetone (3*). 25 mg of Hbpp
ligand and 0.16 mL of NEts were dissolved in 40 mL of freshly distilled methanol
(solution A) in a 250 mL round bottom flask endowed with a stirring magnet and a
condenser. In another flask, 156 mg of trpy* and 0.125 g of LiCl were dissolved in 160
mL of methanol (solution B). After heating solution A to 50 °C, the reagents in solution
B were added drop-wise with a syringe pump over 3 h. Then the reaction mixture was
heated to 100 °C for one hour. After cooling to room temperature, the solution was
irradiated overnight with a 200 W tungsten lamp. The brown solution was kept for
one hour in the fridge (4 °C) and a little undesired product (2*) was filtrated. After
evaporating to dryness and redissolving in 25 mL of methanol, 25 mL of diethyl ether
were added resulting in the precipitation of a brown solid which was filtrated and

dried under vacuum for several hours. The brown solid was purified by reverse phase
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flash chromatography (using ISCO CombiFlash® system and RedySep® 13 g C-18 as
stationary phase) eluting with an initial mixture of 15/85 of methanol/acetate buffer
(pH = 4.64). The methanol content in the solvent mixture was progressively increased
to a solvent ratio of 80/20. The last purple fraction was the desired product. Anal. Calc.
for Ce2H4oN10Na2015Ru2S4 C, 48.03; H, 3.19; N, 9.03; S, 8.27. Found: C, 47.37; H, 3.29; N,
8.69; S, 8.00. TH-RMN (400 MHz, MeOH-d4, 298 K, ppm): §, 9.05 (s, 4H, Hg); 8.83 (s, 4H,
H;); 8.78 (d, 4H, Ha, Jab= 7.26 Hz); 8.46 (s, 1H, Hx); 8.35 (d, 4H, Hg, Jac= 7.26 Hz); 8.20 (d,
2H, Hq, Jqp = 7.87 Hz); 8.04 (t, 4H, Hb, Jab = Joc = 7.26 Hz), 7.73 (t, 2H, Hp, Jgp = Jpo = 7.87
Hz), 7.46 (t, 4H, He, Jca = Joc = 7.26 Hz), 7.32 (d, 2H, Hy, Jno = 7.87 Hz), 6.86 (t, 2H, Ho, Jno
= Jop = 7.87 Hz), 1.98 (s, 6H, Hm), 0.57 (s, 3H, Hz). UV-vis (H20) [Amax, nm (g, Mlcm™)]:
316 (57440), 364 (28410), 496 (15310), 526 (14860). E1/2(H20 pH = 7, V vs SSCE):
0.449, 0.815. ESI(-)- MS: (MeOH): 723 [M-2Na]?.

Anchoring on anatase disperse nanoparticles. Anatase TiO2 was calcinated at 450
°C before use. The TiO2 powder (250-500 mg) was added to a 6mL acidic aqueous
solution of 4* (1-2 umol of 3* in MiliQ water solution with HNOs, pH=2). After 12
hours, the solution was completely colourless and was centrifuged and the nitric acid
solution was discarded. 6 mL of triflic acid solution (pH = 1) was added to the powder,
the resulting suspension was stirred for 2 hours and then centrifuged. This process
was repeated three times. The final powder was introduced into the reaction vessel

with 4 mL of fresh acid solution ( pH = 1, triflic acid) and then degassed.

Cleaning procedure for FTO slides. The slides were put in a beaker filled with Mili-Q
water and a detergent solution (Hellmanex) using an ultrasonic bath for 10 minutes
and rinsed with Mili-Q water. After filling the beaker with plane Mili-Q water the slides
were put in the ultrasonic bath for 10 more minutes and rinsed with ethanol. A third
10-minute sonication period was carried out with pure EtOH followed by rinsing with
clean EtOH. Finally the slides were dried with lens cleaning paper and kept 10 minutes

at 100 °C in the stove and 30 min at 495 °C in the Muffle furnace.

Film coating. To obtain a crystalline mesoporous film of uniform thickness, we used
Scotch tape in both sides (longitudinal) as a framer and a glass rood to spread a little

amount of the viscous TiO2 paste onto a 75 x 25 x 1 mm? glass covered with FTO
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(Doctor Blade technique). After removal of the tape the films were dried 10 min in the

stove at 100 °C to reduce surface irregularities.

Film sintering and calcination. The films were put in a Pyrex Petri disk and
introduced in the muffle furnace for the following temperature ramps: 25 °C — 325 °C
(20 min), 325 °C (5min), 325 °C — 375 °C (5min), 375 °C (5min), 375 °C — 450 °C
(5min), 450 °C (15min), 450 °C — 500 °C (5 min), 500 °C (15 min). Then it was let to
cool with the muffle off and closed for 10 min. Finally, it was let to cool to room

temperature outside the muffle for about 30 min.

After cutting the resulting films transversally to obtain 8 smaller films (5 x 25 x 1
mm?) they were stored in a dry atmosphere individually wrapped with wax paper.
When these films were used more than 48 hours after the calcination process a second

calcination was carried out for 30 minutes at 450 °C.

Sensitization (Anchoring). The films were soaked in 5 mL of a 0.05 mM solution of
complex 3* in acidic aqueous solution (MiliQ water solution with HNO3z, pH = 2) for 36
hours. After rinsing with miliQ water, the films where soaked in a pH = 1 solution of

triflic acid overnight.

Instrumentation and measurements

The NMR spectroscopy at room temperature was performed on a 400 MHz Bruker
Avance II. Samples were run in MeOD or D20. The ESI and MALDI mass spectroscopy
experiments were performed on a Waters Micromass LCT Premier equipment and a
Bruker Daltonics Autoflex equipped with a nitrogen laser (337 nm), respectively. UV-
Vis spectroscopy was performed on a CARY 50 Bio (VARIAN) UV-vis

spectrophotometer with 1 cm quartz cells.

All electrochemical experiments, except from those directly related to the bulk
electrolysis experiments, were performed in a PAR 263A EG&G potentiostat or in a I]-
Cambria IH-660 potentiostat, using a three electrode cell. Glassy carbon electrodes (3
mm diameter) from BAS were used as working electrode, platinum wire as auxiliary

and SSCE as the reference electrode. Cyclic Voltammograms (CV) were recorded at 100
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mV/s scan rate under argon atmosphere. The complexes were dissolved in previously
degassed water at the desired pH with a minimum 0.1 M ionic strength. All E1> values
reported in this work were estimated from cyclic voltammetry as the average of the
oxidative and reductive peak potentials (Epa+Epc)/2 or from Differential Pulse
Voltammetry (DPV; pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling width
of 0.02 s and a pulse period of 0.1 seconds ). Unless explicitly mentioned the

concentration of the complexes were approximately 0.3 mM.

Online manometric measurements were carried out on a Testo-521 differential
pressure manometer with an operating range of 1-100 hPa and accuracy within 0.5%
of the measurement, coupled to thermostated reaction vessels for dynamic monitoring
of the headspace pressure above each reaction. The secondary ports of the
manometers were connected to thermostatically controlled reaction vessels that
contained the same solvents and headspace volumes as the sample vials. Online
monitoring of the gas evolution was performed on a Pfeiffer Oministar GSD 301C mass
spectrometer. Typically, 16.04 mL degassed vials containing a suspension of the
supported catalysts in 0.1 M triflic acid (1.5 mL) were connected to the apparatus
capillary tubing. Subsequently, the previously degassed solution of Ce'V (0.5 mL) at pH
= 1 (triflic acid, 100 equivalents) was introduced using a Hamilton gas-tight syringe
and the reaction was dynamically monitored. A response ratio of 1:2 was observed
when injecting equal concentrations of Oz and COz, respectively, and thus was used for

the calculation of their relative concentrations.

Electrocatalytic experiments were performed always using pH = 1 solution with
prepared with triflic acid in Mili-Q water. All bulk electrolysis for electrocatalysis and
CV of anchored compounds were performed in two compartement/three electrode
cell using a Bio-Logic potentiostat/galvanostat and EC-Lab software. Sensitized 4*-
TiO2-FTO films connected to a tin wire were used as working electrode, platinum grid
as auxiliary and SSCE as the reference electrode. The Oz concentration of the head
space of the compartment containing the working electrode was monitored with a
Clark's fast-response oxygen micro-electrode needle sensor (OX-N, 40 mm needle

length, 1.1 mm diameter, 90% response time <10 s) commercialized by Unisense A/S.
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X-Ray structure determination

The measured crystals were prepared under inert conditions immersed in
perfluoropolyether as protecting oil for manipulation. The measured crystals were
mounted using a nylon loop directly from the crystallisation solution to the
diffractometer cooled at -120 °C. Measurements were made on a Bruker-Nonius
diffractometer equipped with an APPEX 2 4K CCD area detector, a FR591 rotating
anode with MoKq radiation, Montel mirrors as monochromator and a Kryoflex low
temperature device (T = -173 °C). Full-sphere data collection was used with w and ¢
scans. Programs used: data collection Apex2 v. 1.0-22;113] data reduction, Saint +
Version 6.22;'41 absorption correction, SADABS V. 2.10;['5] structure solution and
refinement, SHELXTL Version 6.14.[16]

Crystals for complex 2* were grown from water at RT by slow diffusion of methanol
and ethanol. The asymmetric unit is made up by one molecule of the complex linked to
two sodium atoms and water/methanol/ethanol molecules which are partially
disordered. The sodium atoms are linked to water, methanol and ethanol. The the
latter are disordered and located at the same positions. The water and methanol
molecules not linked to the sodium atoms are also partially disordered. In total the
asymmetric unit contains 4.8 molecules of water, 1.9 molecules of methanol and 0.64
molecules of ethanol. In the main molecule the atoms N3, C11, C12, C13, C14 and C15
are disordered in two positions (ratio 49:51). The alert A obtained doing checkcif is

due to the disorder of the solvent molecules linked to the sodium atoms.

Crystals for the trpy* ligand were grown from water by slow diffusion of methanol.
The asymmetric unit is contains one complex formed by one molecule of trpy* ligand,
two sodium atoms, two methanol molecules and one water molecule. The measured
crystal contained probably an additional second crystal which affected the quality of
the data. Of 64227 reflections 3693 were rejected, they should be systematically
absent and were observed with weak intensity. The presence of this second crystal
probably explains the unusually large value of the second parameter in the

weighting line for refinement and the relatively high R1 value.
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DFT geometry optimization

The molecular geometry of 4* was fully optimized in the gas phase at the M06-L level
of density functional theory (DFT)('7] using the Stuttgart ECP28MWB contracted
pseudopotential basis set [8s7p6d2f | 6s5p3d2f][8 1% on Ru and the MIDI!(2] basis set
on all other atoms. Full geometry optimization was performed without imposing any

symmetry constraint.

4.2.4. Results and discussion

Synthesis of Ligands and Complexes

The synthetic strategy followed for the preparation of the complexes described herein
is depicted in Scheme 2. Treatment of commercial 4'-(p-tolyl)-2,2":6',2"-terpyridine
with oleum yielded the 5-([2,2":6'2"-terpyridin]-4'-yl)-2-methylbenzene-1,3-
disulfonate (trpy*) ligand. Drop-by-drop-addition of a highly diluted ethanol solution
of trpy* on a concentrated ethanol solution of ruthenium trichloride (saturated with
LiCl) allowed the isolation of complex [Ru'(Cl)3 (trpy*)] (1*). Reaction of 1* with an
additional trpy* ligand affords the anionic compound [Ru'(¢trpy*)2]% (2*).

Scheme 2. Synthetic strategy. Complexes containing the star refer to the ones that contain the

sulfonated terpyridine ligand (¢#rpy*) whereas those that do not have the star contain the #py ligand.
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Dropwise addition of the octahedral Ru complex 1* to a reflux solution of the
deprotonated dinucleating bpp™ ligand in the presence of NEts, followed by light
irradiation, generates a mixture of dinuclear and mononuclear (2*) Ru complexes.
Reverse phase (C18) chromatography eluting with methanol and a sodium acetate/
acetic acid buffer solution (pH = 4), allowed the direct isolation of complex in,in-[{Ru'!
(trpy*)}2(u-bpp) (u-Ac0)]* (3*). The acetato bridged complex 3* is an excellent
precatalyst since it is an easy to handle crystalline material obtained with relatively
reasonable good yield. In addition, the lability of the acetato bridge in acidic media
allows the clean obtention of the bisaquo derivative in,in-[{Ru"(trpy*)(H20)}2(u-bpp)]

(4*) (Equation 1) as can be followed by UV-vis and cyclic voltammetry, vide infra.
in,in-[{Ru"(trpy*)}2(u-bpp) (1-Ac0)]* + 2H20 —

3* in,in-[{Ru" (trpy*) (H20)}2(u-bpp)] + AcO" (1)
4*

For easy follow up of the nomenclature, in this work all complexes containing the
sulfonated trpy* ligand will be denoted with a star (1*-4*) whereas the analogous
complexes perviously reported® ° which contain the trpy meridional ligand will not

(compounds 1- 4 respectively).

Anchoring on Anatase TiO: Surfaces

Compound 4* was anchored both onto the surface of anatase disperse nanoparticles
(4*-TiO2-disperse) and onto a mesoporous anatase film deposited on a conductive
FTO covered glass slide (4*-Ti02-FTO).

In both cases compound 3* was first dissolved in a pH = 2 aqueous solution (HNO3)
which in short time leaded to the complete hydrolization of the acetato bridge
affording compound 4*. Then, either the disperse nanoparticles or the TiO2 covered
FTO films, were soaked in the solution and the resulting pH was readjusted to 2 if

required.

The 4*-TiO2 materials were rinsed several times with water and then soaked in a pH =
1 trifilc acid soltution for 12 h. No compound desorption was observed in any case
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when the final acidic solution was analysed by UV-vis spectroscopy and

electrochemical techniques.

The sensitization process of the FTO-TiO: films was followed by consecutive
registering of the UV-vis spectra of the acidic solution over time (Figure 1). Concluding

that, under our working conditions, 48h were required for maximum sensitization.
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Figure 1. Kinetics of the adsorption of compound 4* on TiO» covered FTO film following the

absorbance changes of the sensitization solution over time, at 500 nm.

Upon anchoring 4* onto anatase disperse nanoparticles, the acidic solution became
completely colourless in 2 h. UV-vis spectroscopy of the solution before and after the

sensitization process point to complete anchoring of the compound.

Characterization and Spectroscopic Properties

The structural, spectroscopic and electrochemical properties of the new family of
compounds 1*-4* have been studied with the standard spectroscopical and
electrochemical techniques, including 'H-NMR for diamagnetic species 2* and 3*.

Figure 2 shows the 'H-NMR spectra for complex 3*.
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Figure 2. 'TH-NMR spectra in MeOD of complex 3* and resonance assignation corresponding to the

labeling in Scheme 1.

For the trpy* ligand and complex 2%, solid state structural characterisation was

achieved by X-ray diffraction analysis. Capped stick views of the structures of the

respective anions are shown in Figure 3 and their most relevant crystallographic

parameters are listed in Table 1.

Figure 3. Caped stick diagram for the molecular structure of the anionic part of complex 2* (top) and

ligand #rpy* (bottom). Selected metric parameters related to H interactions are included.
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All the Ru-N bond distances and angles of compound 2* (see Sup. Inf.) are within the
typical values obtained for related Ru(I)Ne complexes.' 211 The pyridyl rings of the
trpy* ligand are strongly twisted by both, crystal packing forces and the strong
interactions of the sulfonate functionalities with sodium cations. As can be seen in
Figure 1 the sulfonate groups interact by hydrogen bonding with the hydrogens of the
methyl group and the hydrogens contained in the tolyl ring. In the case of the trpy*
ligand, the absence of the metal centre permits rotation of the pyridyl rings that allow
additional hydrogen bond formation between the N of one pyridyl ring with the

aromatic hydrogen of the neighbour ring (blue in Figure 2).

Table 1. X-ray crystallographic parameters for complex 2* and #py* ligand.

2*(Na): trpy*
Emp. Form. Ca7.08Hs0.60 NeNa2019.94 RuSs C24H25N3Na200S:
Mr 129.483 60.957
Cryst. Syst. Triclinic Orthorhombic
Space group P-1 Pbca
a(A) 12.4171(9) 7.9409(7)
b (A) 14.9612(11) 0.7087(17)
cA) 15.1369(11) 33.068(3)
o (deg) 66.340(2) 90.00 °
B (deg) 88.735(2) 90.00°
v (deg) 84.479(2) 90.00 °
V(A3 2563.3(3) 5437.9(8)
Z 2 8
pcale (Mg-m-3) 1.678 1.489
p (mm-1) 0,573 0,285
GOF on F2 1,060 1,333
R1 0,0346 0,0893
WR2 0,0876 0,1778

The structure of 4* was computed at the MO6L DFT level of theory, in the gas phase.

The resulting structure was employed to estimate the dimensions of the cavity
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originated by anchoring the complex onto the TiO: surface. As can be seen in Figure 4
the size of the hole of the cavity would be of around 100 A2 which should allow
enough room for water molecules to flow through it (note that the Van der Waals

diameter of water is 2.82 A).

A
v

| J 20 A

Figure 4. Left, structure of 4* optimized at the MO6L DFT level of theory, H are not shown. Right,

schematic representation of compound 4* anchored on TiO> with the most relevant approximate

distances.

The normalised UV-vis spectra of the trpy and trpy* ligands as well as the ones for
complexes 2, 2%, 3 and 3* all measured in methanol as solvent are presented in Figure
5. As expected for Ru(I)N type of complexes with polypyridylic ligands!'? 21 they
present m-mt ligand based allowed transitions below 300 nm and MLCT and d-d bands
above 300 nm. The MLCT bands that appear in the range of 400-600 nm in the spectra
of the ruthenium complexes represented in Figure 2 are particularly interesting. For
the case of the trpy* complexes the anionic character of the ligand produces a
destabilisation of the dm(Ru) orbitals that as a consequence produces a red shift of the
MLCT bands, as is nicely shown for complexes 2* and 3* when compared with 2 and 3
in Figure 5. Additionally, in the complexes containing the trpy* ligand a larger number
of m-m* bands are observed which are associated with the additional tolyl group in the
trpy* ligand. Finally, an increase in the extinction coefficient (€) is observed in the

trpy*-based compounds.

When the visible region of the UV-vis spectra of compound 4* and 4*-TiO2-FTO in

water at pH = 1 ( triflic acid) are overlaid, the two characteristic d-d bands are almost
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equal. Just a very slight red shift is observed for the adsorbed compound (Figure 6), as
it has been previously observed for other TiOz adsorbed compounds reported in the
literature.[?2] When considering the possibility of the coordination of O atoms of TiO>
to the Ru metal centers a significant red shift on the resulting spectra would be

expected as is the case for compound 3* containing the electron rich anionic AcO-

chelating ligand.

€ (abs.M'cm™)

\
800

A (nm)

Figure 5. UV-vis spectra in Methanol for 0.3 mM solutions of compound. For easy follow up the

spectra of the sulfonated compounds are presented with thicker lines. Black, #rpy and trpy* liagnds;

Green, 2 and 2*; Purple, 3 and 3*.
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Figure 6. In blue, UV-vis spectra of compound 4* adsorbed on TiO2 covered glass slide without FTO.
In black, the spectra of 4* in a pH =1 solution (triflic acid). In purple, compound 3* in MeOH.

Table 2 presents the most prominent UV-vis spectroscopic features together with their
redox potentials for compounds 1*-4* and 1-4. The previously described energy shifts
of the MLCT bands observed in the UV-vis are in good agreement with the

electrochemistry displayed by these complexes as is described below.
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Table 2. UV-vis spectroscopic features and redox properties for trpy, trpy*, 1-4, 1*-4* and 4*-TiO2-

FTO.
UV-vis, UV-vis,
Amax, nm Amax, nm Eq1/22 Eq1/22 Eq1/22 E1/22 (V
Complex 172%(V) 12% (V) 12* (V) 12% (V)
(s, Mlem?) (g, Mlcmt) (ILUI/ILIT) (IILIL/ILII) (IILIV/IILII) (IV,IV/IV,III)
m-1* MLCT, d-d
282 (17843)
trpy® --n --- --- - -
232 (19585)
1bd - - 0.13 - - -
307 (764987)
2b.e 474 (17820) 1.046 -— - -
270 (45445)
314 (66402) 521 (13797)
3b.f 274 (66169) 490 (15160) 0.77 1.1 - -
230 (57231) 372 (27210)
490 (11021)
314 (57661)
4¢ 471 (11882) 0.59 0.65 0.88 1.1
270 (56559)
354 (20322)
278 (22724)
trpy*P 252 (19057) -—- --- - - -
225 (22626)
1#bd 0.11
310 (63480)
#bie 492 (27773)  1.043
286 (60225)
530 (18377)
316 (63881)
3%b.g 490 (16396) 0.65 0.95 - --
286 (77939)
364 (31275)
513 (16513)
315 (57937)
4*c 480 (16906) 0.55 0.64 0.87 1.08
284 (78015)
360 (25879)
517
4*-TiOy4 -—- 0.56 0.61 0.81 0.92
486

2Ej/ obtained from DPV (pulse amplitudes of 0.05 V, pulse widths of 0.05 s, sampling width of 0.02
s and a pulse period of 0.1 seconds ) reported vs. SSCE. ® UV-vis spectra recorded in Methanol.c UV-

vis spectra and CV recorded in water pH = 1, triflic acid. ¢ CV recorded in water pH = 1, triflic acid,
UV-vis spectra of the film. ¢ CV in EtOH with LiCl. ¢ CV recorded in water pH = 7 with phosphate
buffer. {CV in Acetone with TBAH. eCV in Methanol and LiCl
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The redox properties of all the reported compounds have been investigated by means
of CV. The solvents employed where the ones that permitted to dissolve both the trpy*
containing compounds and their analogous with trpy. Their cyclic voltammograms are
presented in the Supp. Inf, whereas their formal redox potentials are shown in the

experimental section and in Table 2.

A first glance at Table 2 shows that the replacement of trpy by the trpy* ligand
produces a decrease of redox potentials by about 20 to 120 mV due to the presence of

the -SO3 groups.

All the mononuclear complexes studied in the present work display one redox process.
The dinuclear complexes 3 and 3* containing the acetato bridges present two
consecutive le- oxidations (seen in Figure 7 for CV of complex 3*) that correspond to

Equations 3-4 (ligands are not shown).
[RuRu] + 1e- — [Ru"Ru"] (3)

[Ru"Ru'] + 1e-— [Ru'Ru'"] (4)

0,5 1

I(nA)

0,0+

0,54

0,0 0.2 0.4 06 0.8
E (V)

Figure 7. Cyclic voltammogram of 3* in a MeOH solution with LiCl (1mM).
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The cyclic voltammogram of the aquo compound 4* in pH=1 triflic acid solution is
presented in Figure 8. The cyclic voltammogram of compound 4* differs very little
from that of the widely studied bpp-aquo system 4, both registered in the same
conditions.[?3] Despite of the slight shift towards lower potentials, the four waves
observed for 4* could be tentatively assigned by analogy to the processes proposed for

compound 4 as depicted in Equations 5-8.

[H20-Ru"Rul-0H,] + 1e- — [H20-Ru'Ru-0H;] (5)
[H20-Ru"Ru'-OH] + 1e"+ 1H* — [H20-Ru''Ru"-OH>] (6)
[HO-RuVRu"-OH] + e + 1H* — [H20-RuRu"-OH] 7)
[0-RuVRu"-0] + 1e" + 2H* — [HO-Ru!VRu"-OH] (8)

Additionally, it is really important to note the presence of the beginning of an
electrocatalytic wave starting around 1.3 V vs SSCE. Which in system 4 already

appeared at 1.2 V.

8

LI/ TILTIT
4+ AL/, IILIV/IV,IV

—~
<
3.
N’
.E i * LI /ILIV /
o TLIT/TL,IIT ‘
et
e
35
@)

. —_—
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4
E (V)

Figure 8. Cyclic voltammogram in pH = 1 for compound 4* using SSCE as reference electrode.
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The cyclic voltammetry of 4*-Ti0O2-FTO presents oxidation waves shifted to lower
potentials with respect to those of 4*. Interestingly, the little or no shift observed for
the first one electron process (ILIII/ILII; Equation 5), becomes evident in the second
(IILIII/ILII; Equation 6; 30 mV shift) and third (IILIV/IILII; Equation 7; 60 mV shift)
processes involving 1 electron and 1 proton each. The shift in potentials is drastically
magnified in the fourth oxidative process (IV,IV/IILIV; Equation 7; 270 mV shift), this
last step involves a 1 electron and 2 protons. Additionally, the electrocatalytic wave
observed for compound 4* in solution, was not observed for 4*-Ti02-FTO when CV

was performed scanning up to 1.4 V (vs SSCE), see Figure 9.

I (nA)

4_*
—4*-Ti0,-FTO

00 02 04 06 08 10 12 14
EWM)

Figure 9. Cyclic voltammogram of 4*-TiO>»-FTO (I= 10! mA) composite material (blue) and the

corresponding voltammogram of 4* (black), both in a pH = 1 solution (triflic acid).

Chemical water oxidation

The addition of Ce!V (100 equivalents) in a 0.1 M triflic acid suspension of the 4*-Ti0»-
disperse composite material immediately released gas as was monitored by online
manometry. The composition of the generated gas was analysed by online mass
spectrometry which revealed the evolution of a significant amount of CO;. Different

ratios of TiO2: 3* (acetato starting material) were tested and their performances
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analysed by the combination of the two online techniques. The resulting data is

summarised in Table 3.

Interestingly, the solid state dilution of the anchored material resulted in both smaller
turn over numbers (TONs) and a higher 02/CO: ratio. This data suggest that the CO2
measured may come from the oxidation of the ligands of one catalyst molecule by

another catalyst molecule.

Table 3. Results of the catalytic experiments with compound 3* hydrolized (4*) and anchored on

anatase powder. All experiments were performed in a pH = 1 solution (triflic acid) and 100 eq. of Ce!V

were added.
mg of 3* pmols of 3* (and mg anatase TON of gas ratio 02/CO:z
4*in pH=1)
2 1.29 250 2.2 6/1
1 0.65 250 1.8 9/1
0,5 0.32 500 1.0 20/1

The absence of characteristic absorption bands of 4* type of products in the UV-vis
spectra and non detectable waves in the CV of the final solution (added to the
brownish colour of the final anatase powder) suggest that at least most of the

ruthenium is retained in the TiOz nanoparticles at the end of the experiment.

Electrocatalytic experiments

As has been mentioned earlier, even though compound 4* in solution presents an
electrocatalytic wave, in the case of 4*-Ti02-FTO one must scan up to 1.5 V (vs. SSCE)
to observe what seems to be the beginning of an electrocatalytic process. Therefore, a
1.6 V potential was chosen to undergo bulk electrolysis with the 4*-TiO2-FTO

electrodes.

In Figure 10 a schematic representation of the experiment’s setup is shown,
complemented by pictures of the real components. The experiment was carried out in

a two compartment teflon cell (A and C indicate the two compartments)divided by a
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nafion membrane (B). After six hours, the current that circulated throughout the
system was equivalent to 14 mols of electrons per mol of anchored 4*. Online O
measurement of the headspace of the compartment containing the 4*-TiO2-FTO
electrode with a clack electrode prove (1 in Figure 8), revealed that no oxygen was

released.

POTENSIOSTAT

Figure 10. Left, Schematic drawing of the experimental setup for the bulk electrolysis experiment.
Right, pictures of the real setup and basic components. A, Anodic compartment; B, nafion proton
permeable membrane; C, cathodic compartment; 1, clark electrode as oxygen sensor; 2, 4*-TiO2-FTO

film as working electrode; 3, platinum net as counter electrode; 4, SSCE reference electrode.

As can be seen in Figure 11, UV-vis analysis of the acidic solution in the anodic
compartment of the cell at the end of the experiment presented absorption spectra

corresponding to a species closely related to 4* as can be deduced by comparison of

UV-vis spectra.
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0,8 4

0,6 -

Abs.

4
— deanchored product

0,4

0,2

0,0 T T T T T T T T T T
200 300 400 500 600 700 800
A (nm)

Figure 11. UV-vis spectra of 4* in solution (black) and overlaid the spectra of the pH = 1 (triflic acid)
solution present in the compartment of the 4*-TiO2-FTO electrode, at the end of the electrolytic

experiment (cyan).

Accordingly, cyclic voltammograms of the electrode 4*-Ti0O2-FTO after the electrolysis
(Figure 12) reveal an important decrease of dinuclear ruthenium compound anchored
on the electrode’s surface. Additionally, new redox active species were detected. All
this data indicates that a major part of the current was employed in undesired
processes such as catalyst’s deanchoring, catalyst decomposition reactions yielding

new products and energy dissipation in the form of heat.

The fact that all the attempts to undergo water oxidation with 4*-Ti0O2-FTO failed
should be attributed to the significant down shift of the potentials of 4*-TiO2-FTO
wich result in a redox potential for the IVIV/IILIV process (0.92 V vs SSCE) too low to
promote water oxidation. This potential lies 10 mV below the thermodynamic redox

potential of water oxidation at pH =1 (0.93 V vs SSCE).
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0,3
0,2 1
0,1

0,01

Current (mA)

0,1

0,24 — Before
— After

'0,3 T T T T T T T 1
00 02 04 06 08 10 12 14 16

EM)

Figure 12. Cyclic voltammograms of 4*-TiO2-FTO composite material before the electrocatalytic

experiment (blue) and after (cyan), in a fresh pH = 1 solution (triflic acid).

Electrochemical experiments preformed in aqueous solution at pH = 1 with added
ethanol were performed. The cyclic voltammograms of 4*-Ti02-FTO, after successive
additions of ethanol as substrate, showed the existence of a slow oxidative
electrocatalytic process (see Figure 13). This can be observed by the increase of
intensity of the electrochemical wave assigned as II[,IV/IV]IV in the cyclic voltammetry

of the anchored compound.

0,24
0,14

0,0+

Current (MmA)

0,1 —[EtOH] = 0 mM

— [EtOH] =0,17mM
——— [EtOH] =0,39 mM
—— [EtOH] =0,82mM

0,24

T T T T 1
0,0 0,2 04 06 08 1,0 1,2 1,4 16

EV

Figure 13. Cyclic voltammograms in different concentrations of Ethanol of 4*-TiQ2-FTO composite

material in a pH = 1 solution (triflic acid).
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In hypothesising about the origin of the down shift in the redox potentials resulting
from the anchoring of compound 4%, three additional actors should be considered: a)
the aqueous phase composition, including potentially coordinating anions b) the

semiconductor surface and c) the nature of the cavity formed upon anchoring.

As has been previously reported for other water oxidation catalysts in homogeneous
phase, the anions present in solution could participate in an anation process.[?420]
Likewise, the coordination of O atoms from TiO: to the Ru centres would yield a
compound with lower potentials and blocked active sites. Both cases should be
discarded based on the observed capacity of the compound to oxidize ethanol.
Additionally, the spectroscopic and electrochemical properties of the resulting
compound, in both cases, would be expected to be closer to those of 3* than those of

4*, and it is not the case (see, Figure 6 and Table 2).

Alternatively, since we are dealing with a thermodynamic rather than kinetic
phenomena, a hydrophobic nature of the resulting cavity would explain the properties
observed. As has been previously described, the down shift of the redox potentials is
greater when the number of protons lost in the process is higher. Hence, a
hydrophobic nature of the cavity thermodynamically favouring the redox processes by

ejecting H30* could be a plausible explanation of the observed redox properties.

4.2.5. Conclusions

With respect of a modular approach for the elaboration of a device for artificial
photosynthesis, accurate understanding of the limitations and implications of the
heterogenization of water oxidation catalysts onto semiconductor surfaces such as
TiOz is needed. To this end, we have prepared and thoroughly characterised the
dinuclear complex in,in-[{Ru”(trpy*)}2 (u-bpp)(p-Ac0)]* (3*) as water oxidation
catalyst precursor. In acidic media, the acetato bridging ligand is hydrolysed yielding
the “bisaquo” derivative in,in-[{Ru'!(trpy*)(H20)}2(u-bpp)]- (4*). The presence of -SOz°
groups on complex 4* has a minimal impact on the electrochemical and
spectroscopical properties of the compound in solution, as has been demonstrated by

comparison with the non-sulfonated catalyst 4. Upon anchoring 4* onto a TiO:
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covered FTO electrode the electrochemical properties of the higher oxidation states of
4* are dramatically modified, to the extent that it is no longer active as water oxidation
catalyst. Water oxidation with Ce!V as sacrificial oxidant by 4* anchored onto anatase
disperse nanoparticles has also been tested. The significant amount of CO2 evolved can

be indicative of an important catalyst to catalyst oxidative deactivation pathway.

The present work constitutes an example of how the heterogeneization of a catalyst
can result in a material with drastically changed properties. This work shows that
catalyst heterogeneization is not a straightforward matter. Thus, more research is
urgently needed to understand the additional requirements that a water oxidation

catalyst should fulfil to be employed supported onto conductive surfaces.
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4.3. THE ELECTRONIC STRUCTURE OF HIGHER
OXIDATION STATES DERIVED FROM cis-[Ru"
(BPY)2(H20)2]?* AND ITS PHOTOISOMERIZATION
MECHANISM

O—Ru—0=124.5°

The attention is focused on the characterization of higher oxidation state species
derived from water oxidation catalyst cis-[Ru'(bpy)2(Hz0):]?* (Where bpy is the 2,2’
bypyridine bidentate ligand) by means of EPR and XAS spectroscopy together with
DFT and CASPTZ calculations. We have further analyzed the cis- to trans-
photoisomerization process suffered by this complex by means of DFT methodologies.
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4.3.1. Abstract

The electronic structure of cis-[Ru""(bpy)2(H20)2]?* (cis-Ru''(H20)22*) and its higher

oxidation states species, generated upon addition of the corresponding equivalents of

146



Chapter 4

Ce!V, have been studied by means of UV-vis, EPR, XAS and DFT and CASSCF/CASPT2
calculations. EPR spectroscopy together with DFT show that in all cases lower spin
configurations are favoured and thus oxidation state IV is a singlet, EPR silent at low
temperature. For oxidation state V, DFT predicts a doublet as the ground state
configuration with a quintet lying 12.7 kcal/mol above. This is in very good agreement
with EPR spectroscopy where a signal with S = % is found. XAS spectroscopy of higher
oxidation state species together with DFT further allow to understand the electronic
structure of these complexes and in particular show the decrease of Ru-O bond
distances as oxidation state increases. Further, the photochemical isomerization, cis-
[Ru"(bpy)(H20)2]%* = trans-[Ru"(bpy)(H20)2]?*, has been fully characterized by DFT
methodologies and show that the process involves the decoordination of one aqua
ligand leading to a coordinatively unsaturated complex that isomerizes and

recoordinates the aqua ligand, to finally yield the trans isomer.

4.3.2. Introduction

Molecular Ru complexes are of interest in a wide variety of fields including
photophysics, photochemistry,[> 2! bioninorganics [¥] and catalysis.[*! In the latter field,
redox catalysis plays one of the major roles where invariably the Ru-O group is
involved. Within redox catalysis the oxidation of water to dioxygen is one of the most
important reactions to study because of its implication in both new sustainable energy
conversion schemes and environmental issues.5] Recently, an important number of Ru
complexes capable of oxidizing water to molecular oxygen have been reported in the
literature.[®8] All these complexes share a common feature, the active species that
trigger the reactions that evolve dioxygen are constituted by a Ru-O group where the

metal center is formally in a high oxidation state.

While the electronic structure of the lower oxidation states such as Ru-0O or Ru'-0
are accurately understood, information regarding the higher oxidation states in their
Ru'V-0, Ru"-0 and Ru"'-0 counterparts are very scarce.l’l Paradoxically, the latter ones
are of paramount importance since they are responsible for their performance as

catalysts. The difficulty of characterizing higher oxidation states is due to the intrinsic
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high reactivity of these species. In addition there are relatively few complexes where
these high oxidation states can be reached and thus constitutes an additional handicap
for comparative purposes. The precise characterization of higher oxidation states is of
importance because it will render information regarding the degree of oxidation of the
oxygen atom in the Ru-O group and also regarding the extent of covalency of the Ru-O
bond.

The difficulty to characterize the electronic structure of the high oxidation states of
Ru-O is in contrast with the relatively large amount of information available regarding

first row transition homologues such as Cr, Mn or Fe.['%

In the present study we have focused our attention on the characterization of higher
oxidation state species derived from water oxidation catalyst(!] cis-[Ru"(bpy)2(H20)2]
2+ (where bpy is the 2,2’-bypyridine bidentate ligand), (cis-Ru''(Hz0)z), by means of UV-
vis, Electron Paramagnetic Resonance (EPR) and X-ray absorption spectroscopy (XAS)
together with Density Funtional Teory (DFT) and Multiconfigurational Complete
Active Space (CASSCF) calculations followed by second-order Perturbation Theory
(CASPT2) calculations. We have further analyzed the cis- to trans- photoisomerization
process suffered by cis-Ru''(H20); by means of Time-Dependent DFT (TD-DFT)

methodologies.

4.3.3. Experimental Section

Materials. All reagents used in the present work were obtained from Aldrich Chemical
Co with the highest purity commercially available and were used as received. High
purity de-ionized water was obtained by passing distilled water through a nano-pure
Mili-Q water purification system. Complex cis-[Ru(bpy)2CO3] was prepared following

literature procedures.!'?]

Instrumentation and Measurements.

UV-vis Spectroscopy. Redox spectrophotometric titrations were performed by
sequential addition of a 3x10-3 M (NH4)2[Ce(NOs3)s] (Ce'") in 0.1M CF3SO3H aqueous
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solution at pH = 1.0 to a 0.1x103 M solution of cis-Ru'(H20)2 in the same media. The
spectra were recorded at 25 °C in a 1.0 cm path length quartz cell on a VARIAN CARY
50-Bio.

Electron Paramagnetic Resonance. EPR spectra were recorded on a Bruker ELEXYS-
E500 spectrometer equipped with a supers-EPR049 microwave bridge and an
SHQ4122 rectangular resonator. Low temperature was reached by using an oxford 900
liquid helium cryostat and an ITC-503 temperature controller. EPR parameters:
microwave frequency: 9.27 GHz; Modulation frequency: 100 kHz; modulation
amplitude 10 G; temperature 6 K; microwave power 2.0 mW. UV-vis spectroscopy
measurements were carried out with a CARY 50-Bio (VARIAN) or TIDAS using 1 cm
quartz cells. EPR simulation was performed using Bruker XSophe-Xepr View software

suit (v.1.1.4). Spin Hamiltonian;

H=uB-gS+8-A41

was used for analysis, where spin-nuclear hyperfine coupling was introduced in
addition to the Zeeman term. The g- and A- tensors were calculated using matrix
diagonalization method. The simulated spectrum was obtained after iterative

optimization. Samples were prepared in the same manner as for the UV-vis,

transferred to an EPR tube and immediately frozen in liquid nitrogen.

X-ray Absorption Spectroscopy (XAS). XAS at the ruthenium K-edge was performed
at the SuperXAS beamline at Swiss Light Source (SLS at Paul Scherrer Institute,
Villigen, Switzerland) with the storage ring operated in top-up mode. Ka-fluorescence-
detected XAS spectra were measured with an energy-resolving 13-element Ge-
detector (Canberra, shielded by a 25 um thick Mo-foil against scattered incident X-
rays) on samples held in Teflon holders in a liquid-helium cryostat (Oxford) at 20 K,
using excitation by X-rays from a double-crystal (Si311) monochromator (scan range
21.95-22.75 keV). Harmonics rejection was achieved by a platinum-covered toroidal
mirror in grazing incidence mode. The beam was shaped by slits to a spot size on the
sample of about 4x0.5 mm?. Energy calibration of each scan was done using the peak
at 22.117 keV in the first derivative of absorption spectra of a Ru-metal powder
sample measured in parallel to the complexes. About 5-8 spectra of powder samples
and 12-18 spectra of solution samples (one scan of ~20 min duration per sample spot)
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were averaged, normalized, and EXAFS spectra were derived as described previously
(131 EXAFS simulations were carried out using the software SimX['3] and phase
functions calculated with FEFF8.['¥] The absence of X-ray induced photoreduction of
ruthenium in solution and powder samples was verified by measurements of XAS
spectra on a single sample spot, which were identical after 1-3 scans. Samples were
prepared in the same manner as in the UV-vis spectroscopy, transferred into Teflon

buckets and immediately frozen in liquid nitrogen.

Computational details

Density Funtional Theory (DFT) Calculations. All molecular geometries were fully
optimized with at the M06-L level of density functional theory (DFT)'S! using the
Stuttgart ECP28MWB contracted pseudopotential basis set [8s7p6d2f | 6s5p3d2f] on
Rul'®] and the 6-31G(d) basis set!!”! on all other atoms. Full geometry optimizations
were performed without imposing any symmetry constraint. Initial structures were
taken from experiment, when available. Integral evaluation made use of the grid
defined as “ultrafine” in the Gaussian series of programs. In addition, an automatically
generated density-fitting basis set was used within the resolution of the identity
approximation for the evaluation of Coulomb integrals. The nature of all stationary
points was verified by analytic computation of vibrational frequencies, which were
also used for the computation of molecular partition functions and 298 K thermal
contributions to free energies, invoking the usual rigid rotator, harmonic oscillator,
ideal-gas approximation. For singlet state DFT calculations, restricted self-consistent
field solutions were obtained first, and then checked for restricted-to-unrestricted
instabilities. When such instabilities were found, the Kohn-Sham (KS) wave functions
were reoptimized with an unrestricted formalism. Spin purification involved the
elimination of triplet-state spin contamination from broken-spin-symmetry KS

determinants. Thus, the singlet energy is computed as:[8!

E _ 2E<sz )=0 — <52>E(sz )=1
Singlet — 9 _ <S2>
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in which the triplet energy is computed for the single-determinantal high-spin
configuration S; ~ 1 (at the UDFT level) and < Sz > is the expectation value of the total
spin operator applied to the KS determinant for the unrestricted broken-symmetry

calculation.

For species cis-Ru'(OHz)z, trans-Ru''(OHz): and all intermediate species present in the
isomerization process (all in oxidation state II) additional calculations in a continuum
water solvent were performed. Free energies of aqueous solvation were computed at
the SMD/MO06-L1 level based on the gas-phase geometries. A 1 M standard state was
used for all species in aqueous solution except for water itself, for which a 55.5 M
standard state was employed. Time-dependent DFT (TD-DFT) also at the same level of
theory was employed to study the first excited singlet states of the compounds
intervening in the isomerization process, including gas-phase geometry optimization.
Thus, for all molecules but water, the free energy in solution is computed as the 1 atm
gas-phase free energy, plus a 1 atm to 1 M concentration standard-state change of RT
In (24.5) or 8 k]J/mol, plus the 1 M to 1 M SMD solvation free energy. In the case of
water, the 1 atm gas-phase free energy is adjusted by the sum of a 1 atm to 55.56 M
concentration standard-state change of 17.9 k]/mol and the experimental 1 M to 1 M
solvation free energy, -26.4 KkJ/mol.?%1 For S; spin states gas phase thermal

contributions were taken from the corresponding So species.

Multiconfigurational Calculations. Multiconfigurational complete active space
(CASSCF) calculations followed by second-order perturbation theory (CASPT2)[lU
were performed at the DFT optimized geometries of cis-[Ru¥!(bpy)2(0)z]?>* and trans-
[Ru"!(bpy)2(0)2]%* for both the So and T: spin states. Scalar relativistic effects were
included by use of the Douglas-Kroll-Hess Hamiltonian to second order!??! and the
relativistic all-electron ANO-RCC basis sets!?3! with triple-z quality (ANO- RCC-VTZP)
with the [7s6p4d2f1g] contraction for Ru. The double-z quality (ANO- RCC-VDZP) with
the following contractions: [3s2p1d] for O, C and N. The ANO-RCC-MB basis set was
employed for H with a contraction of [1s]. Several active spaces were tested. For
CASSCF/CASPT?2 calculations, the chosen active space was fourteen electrons in eleven
orbitals, corresponding to linear combinations of the 4d orbitals of Ru"! (2 electrons)
and the valence orbitals of both O atoms (12 electrons). Two virtual orbitals of the 13

orbitals that would be generated from all possible metal d and oxygen valence orbitals
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had occupation numbers so near to zero that they were eliminated from the active
space in production runs. All systems were found to be essentially single-

configurational.

DFT computations were performed for compounds cis-[Ru'!(bpy)2(OH2)2]%*, trans-[Ru!!
(bpy)2(0H2)2]?* and their higher oxdation states with MN-GFM, [?4] a locally modified
version of Gaussian 03.[25] For all the species present in the photoisomerization
process, the electronic structure program suite Gaussian 09[2¢! was used for all DFT
and TD-DFT calculations. CASSCF/CASPT2 calculations were performed with the
MOLCAS 7.5 program package.?’]

4.3.4. Results and discussion

The mononuclear complexes cis-Ru'/(H20)2 and trans-Ru!'(H20)2 were described by T.
]. Meyer et al. and reported in 1988.1281 The complexes were thoroughly characterized
by UV-vis spectroscopy and by Electrochemical techniques. The variation of the
different redox potentials with pH, Pourbaix diagram, was also registered and allows
to have a full thermodynamic characterization of the two complexes, including their

degree of protonation at a given oxidation state and pH.

We have recently shown that the complex cis-Ru''(H20)2 acts as a water oxidation
catalyst at pH = 1.0 in a triflic acid solution upon the addition of a strong oxidant such
as CeV.' It is therefore at this pH that we have carried out all the experiments

described in the present work.

For cis-Ru''(H20)2 at pH = 1.0 a series of consecutive PCET steps take place when it is

oxidized that are displayed in the following scheme,

/OHQ - ,OH2 _ + ,OH _ " /O ) " /O
RUQ e Ryl - ler-2H" RUQ/ - le -1H RV le-IHT ooy
OH, OH, OH OH o

and therefore the present report will be mainly devoted to the electronic
characterization of these species by means of UV-vis, EPR, XAS and by theoretical
models such as DFT, CASPT2 and CASSCE.
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Geometry and electronic structure of higher oxidation states. Calculations were
performed with density functional theory (DFT) for the cis- and trans- isomers in
formal oxidation states II to VI. In all cases, singlet and triplet electronic states were
considered for species with an even number of electrons and doublet and quartet
electronic states for species with an odd number of electrons. Additionally, single point
calculations with multiconfigurational methods (CASSCF/CASPT2) were carried for
the highest oxidation state (VI) at the optimized DFT structures. The computed
relative energies are listed in Table 1 together with the abbreviated notation that will

be further used in this work.

Table 1. Electronic states for the frans and cis isomers in the various oxidation states. AGuuans-cis
includes the zero-point energy correction except for the CASSCF/CASPT2 values, which are only

electronic energy differences.

Ox Ground Lowest AG )
Stat.e Species Abbreviations State excited state (kca;7$g;)
(symmetry) (kcal'mol?)
1l cis-[Ru (bpy)2(H20)2]** cis-Ru'!(OHz)2 So (A) - 15,59
trans-[Ru (bpy)2(H20)2]?*  trans-Ru(OH2): So (A) ----
11 cis-[Ru(bpy)2(H20)2]3* cis-Ru'(OH2): Do (2A) Q1 (*A) 27.21 13,26
trans-[Ru(bpy)2(H20)2]3*  trans-Ru''(OHz) Do (2A) Q1 (*A) 11.36
IV cis-[Ru(bpy)2(OH)2]?* cis-Ru"V(OH)2 So(1A)  Ti(%A)2.83 9,24

trans-[Ru(bpy)2(0H2)(0)]?* trans-Ru'V(OH2)(0)  To (3A) S1(*A) 14.31

V  cis-[Ru(bpy)z(OH)(0)]**  cis-RuV(OH)(0) Do (%A) Q1 (*A) 12.74 13,82
trans-[Ru(bpy)2(OH)(0)]** trans-Ru'(OH)(0) Do (%A) Q1 (*A) 24.36
T: (A) 3.81
VI cis-[Ru(bpy)2(0)2]** cis -Ru"1(0) So (A) 8.80
7.78/2.95 lal
T1 (A) 34.73
trans-[Ru(bpy)2(0)2]%* trans -Ru"'(0)2  So (u) (*A) 6.71/4.77 [

43.49/39.60 [
[a] CASSCF/CASPT?2 electronic energy differences.

153



New insights into ruthenium polypyridyl complexes as water oxidation catalysts

As expected from experimental data, in oxidation state II the cis isomer is found to be
thermodynamically the most stable isomer. This feature is maintained for all oxidation
states in which the cis isomer is more stable than the trans isomer by at least 8
kcal-mol . The general trend manifests a decrease of relative stability of the cis isomer
as the oxidation state increases. In all cases the lowest spin state is the most stable,

except for the trans species in oxidation state IV as will be further discussed below.

Selected bond distances and angles of the ground state optimized structures for the cis
and trans isomers at the different oxidation states as well as the corresponding data

from the available X-ray structures are presented in Table 2.

Table 2. Selected bond distances (A) and angles (o) for cis- and trans-[Rull(bpy)2(H20)2]** and their
corresponding higher oxidation state species calculated by means of DFT. In bold, data corresponding

to the X-Ray crystal structure of cis-[?] and trans-[Ru'l(bpy)2(H20)2]*".13%1 See Supp. Inf. for atom

labeling.
Ox. N1-N2-

isomer S Ru-01 Ru-02 O-Ru-0 Ru-N1 Ru-N2 Ru-N3 Ru-N4
state N3-N4l[l

II cis-Ru''(OH2)2  So 2.226 2.226 829 915 2.024 2.075 2075 2.024
II cis-Ru"'(OHz): -- 2.151 2.147 86.7 92.1 2.005 2.070 2.053 2.001
I cis-Ru"'(OHz)2 Do 2.176 2.201 83.5 87.5 2.027 2.095 2.094 2.031
v cis-RulV(OH)2 So 1.869 1.869 1108 76.8 2121 2.093 2.093 2.121
V. cis-RuY(OH)(0) Do 1.696 1.881 111.2 79.2 2138 2.086 2123 2.204
VI cis -Ru¥'(0)2 So 1.688 1.688 1245 750 2218 2115 2114 2.218

I trans-Ru'(OHz); So 2.165 2.166 1764 1549 2.129 2.083 2.131 2.082
II trans-Ru'(OHz); - 2.105 2,105 180.0 180.0 2.074 2.074 2.073 2.074
trans-Ru(OHz); Do 2.081 2.081 1750 1545 2123 2110 2122 2.110
Il trans-Ru"(OHz); -- 2.008 2.006 1784 156.5 2.099 2.090 2.099 2.090
IV trans-RuV(H20)(0) To 1.738 2305 1783 153.1 2120 2.124 2116 2.133
V  trans-RuY(OH)(0) Do 1.922 1.715 177.8 1541 2127 2126 2.148 2.125
VI trans-Ru¥'(0); So 1713 1.713 180.0 1559 2151 2151 2.151 2.151

[

—
—

[a]Dihedral angle between the N atoms of the two bipyridines passing through the Ru atom.
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In general the Ru-O bond distances for the trans species are significantly shorter than
in the corresponding cis isomers. Additionally, a significant decrease in the Ru-O bond
is observed as the oxidation state increases, indicating an increase in Ru-O bond order.
This trend is consistent with the experimental distances extracted form the X-ray

structures (Table 2).

In oxidation state II the triplet state decoordinates a water molecule in both the cis and
trans complexes, which is the responsible of the photoisomerization experienced by

this species (see below).

In formal oxidation state IV, the structures of the two possible species RuV(OH)2 vs
Ru'Y(OH2)(0) have been optimized for both the cis and trans isomers (see Supp. Inf.).
Whereas for the cis isomer Ru'V(OH)2 is more stable than Ru'V(OH2)(0) (by 0.6 kcal/
mol) differently from what was predicted by T. ]. Meyer,[?®] for the trans isomer the
“aqua-oxo” species is more stable (by 1.4 kcal/mol). Moreover, for the trans-Ru'V(OH2)
(0) species the ground state is a To (A) state, unlike in all other cases, where the
ground state is always the lowest spin state. Additionally, the cis-RuV(OH)2 present
longer distances for the Ru-N bonds in which the N coordination site of the bpy ligands
are trans to the O atoms than those observed in the Ru-N bonds in which the N is trans

to the N atom of the other bpy ligand.

O—Ru—0 =124.5°

Figure 1. DFT calculated structure for cis-[Ru¥!(bpy)2(0):2]**. Color codes: Ru, green; N, blue, O,
red; C, gray; H, white.
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Finally, as can be seen in Table 2, as the oxidation state increases in the cis isomer, the
0-Ru-0 angle also increases (from 83° in oxidation state II to 124° in oxidation state
VI) which could be the origin of the previously demonstrated very unfavourable
intramolecular 0-0 bond formation for the cis-[Ru¥!(bpy)2(0)2]?* active species of this
water oxidation catalytic system, which’s DFT-optimized structure is shown in Figure
1.

UV-vis and EPR spectroscopy. The UV-vis spectra of complexes cis-Ru''(H20), cis-
Ru'(H20)z2, cis-Ru'Y(OH): and cis-RuV(0)(OH) are reported in Figure 2. All the species
were generated in situ by adding the corresponding amount of Ce!V in the absence of
light, to avoid the cis — trans isomerization reaction. For cis-Ru''(H20), the spectra
presents mainly two regions below 300 nm where bpy based m-m* transitions are
observed and above 300 nm where MLCT and d-d bands occurs. At the oxidation state
Il the cis isomer presents mainly two MLCT bands centered at 350 and 490 nm
respectively and a shoulder at 575 nm that can be assigned to a d-d band. At oxidation
state III the spectra changes radically, the largest MLCT at 490 basically disappears
and two low intensity bands are observed at 350 and 550 nm. For oxidations states IV

and V are characteristic because of the absence of MLCT and d-d bands.

3,0
Rull
25 Rulll
Rulv
RuV
2,0 -
[%2]
< 151
1,0
0,5
0,0 — ' ——— —_——
200 300 400 500 600 700 800

wavelength (nm)

Figure 2. UV-vis spectra for cis-[Ru(bpy)2(H20)2]>* (0.1x10-3 M) at pH = 1.0 trilfic acid aqueous

solution and its corresponding higher oxidation state species.
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The EPR spectra of complexes cis-Ru''(H20)z, trans-Ru"'(Hz0)2 and cis-RuY(0)(OH) are
depicted in Figure 3. The complexes cis-Ru''(Hz20)2 and cis-Ru'Y(OH), were EPR silent,
indicating that the Ru center in both complexes is in the low spin configuration,
resulting in a diamagnetic ground state in both complexes. This is in good agreement

with the DFT calculated result (vide supra).

L 1 1 1 1 1 1
1500 2000 2500 3000 3500 4000 4500 3000 3100 3200 3300 3400 3500 3600 3700

Field (G) Field (G)

Figure 3. Left, EPR spectra of complexes cis-Ru'(H20) (red) and #rans-Ru(H,0): (blue). Right,
The experimental (dark blue) and the simulated (pink) EPR spectra of the complex cis-Ru¥(O)(OH).
Simulation parameters: gx = 2.065, gy = 2.004, g, = 1.868, and Ax = 54.3, Ay = 40.2 and A; =

39.3x10"*cm™L. EPR recording conditions see experimental section.

The EPR spectra of complexes cis-Ru''(H20): and trans-Ru'(H20)2 (Figure 3 left, red
and blue respectively) show spectral features characteristic for a spin S=1/2 in a
rhombic symmetry, indicating that also in this oxidation state low spin is the more
stable configuration, as DFT suggested. The anisotropic g-values, arbitrarily denoted
as g1, g2 and gz, for the cis-Ru(H20)2 complex are 2.55, 2.40 and 1.75 respectively; and
for the trans-Ru(H20)2 are 2.38, 2.27 and 1.88 respectively. It is observed that the
anisotropy (measured by the largest Ag) in the cis-conformation is 0.8 which is
significantly larger than Ag = 0.5 measured in the trans-conformation. Moreover, the
line-width in the EPR spectrum of the cis-Ru''(H20)2 complex (Figure 3, left, red) is
much broader than that of the trans-Ru''(H20)2 (Figure 3, left, blue). The larger spin
anisotropy and the broad line-width in the cis-form are attributed to the larger ligand

conformational strain, probably is related to the O-Ru-0 bond strain.

Oxidation of the cis-Ru'!(H20)2 complex by two equivalents Ce!V resulted in the
formation the cis-RuV(0)(OH) complex. The recorded EPR spectrum for the cis-Ru"(0)
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OH) complex is shown in Figure 3 (right, blue). In this complex, the Ru' center is a d3
( p g g p

ion, both low spin (S = 1/2) and high spin (S = 3/2) configurations are possible.

To assert the ground spin state of this complex, EPR simulations assuming either an S
= 3/2 or S = 1/2 ground state have been performed using spin Hamiltonian
fAI=,uBé-g-§ + SAf

Whereas no success in simulation when S=3/2 was taken, a relatively good agreement
between the simulated and the experimental spectra (Figure 3, right; pink and blue
spectrum respectively) was achieved when S = 1/2 was taken as the ground spin state.
The calculated EPR spectrum is obtained by using a set of anisotropic EPR parameters
with gx = 2.065, gy = 2.004, g. = 1.868, and Ax = 54.3, Ay = 40.2 and Az = 39.3 x10~*cm™%.
It is quite unexpected for a d® ion with an S = 1/2 as the ground spin state. On the
other hand, it is in good agreement with DFT calculation, which suggests that the low

spin (doublet) state is more stable by 14 kcal/mol than the high spin (quartet) state.

Despite the extensive data available in the literature on EPR of Ru' complexes,
examples with RuV are very scarce.l*!l The g values for cis-RuV(0)(OH) are closer to
those of [RuY0(02COEt2)2](nPraN) (gx = 2.076, gy = 1.977, g, = 1.910)[3?] than those of
cis-Ru"'(H,0)2 and other Ru'"" species found in the literature!33 which further sustains

the oxidation state V of cis-Ru’(0)(OH).

XAS spectroscopy. XAS measurements were carried out to derive experimental
information on the electronic structure of Ru-O type complexes in their higher
oxidation states. For this purpose, the complexes cis-Ru'V(OH)2 and cis-Ru’(0)(OH) (1
mM) were prepared in aqueous solution containing 0.1 M triflic acid by adding two

and three equivalents of Ce!V, respectively.

A in Figure 4 shows the X-ray absorption near edge structure (XANES) spectra
obtained for cis-Ru'V(OH)2 and cis-RuV(OH)(0O) complexes together with their first
derivatives and isolated pre-edge features due to 1s — 4d electronic transitions in the
insets. B in Figure 4 presents a graph of the Ru K-edge energies (at 50 % level of
spectra) versus the ruthenium oxidation state for our complexes and representative
literature data and the respective pre-edge peak areas in the inset. The edge shapes of
cis-RuV(OH)2 and cis-Ru’(OH)(0) complexes were rather similar, indicating that only
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minor structural changes in the first ruthenium coordination sphere occurred upon

the oxidation.

normalized fluorescence, F
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Figure 4. (A) Ruthenium K-edge spectra of cis-Ru complexes. The spectrum of RulVO; is shown for

comparison. *Pre-edge feature due to 1s — 4d electronic transitions. Inset (a): Extracted pre-edge

peak features of spectra. Inset (b): First derivatives of K-edge spectra. (B) K-edge energies of cis-Ru

complexes and literature data versus metal oxidation state. K-edge energies correspond to values at 50

% levels of edge rise. Literature values (open symbols) were derived from K-edge spectra of

complexes in refs. 341 and normalized to the value for cis-RulV(OH),. The regression line is for

ruthenium II, III, and IV complexes and has a slope of 1.04 eV per Ru oxidation state. Dashed lines

mark the energy difference for cis-Ru'V(OH), and cis-RuV(OH)(O). Inset: pre-edge peak areas of cis-

Ru (solid circles) and RuO> (open circle) derived from spectra in (A).
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Literature complexes showed that when Ru is oxidized from II to IV the K-edge
energies increases rather linearly and by close to 1.0 eV on each metal-centered
oxidation step (Figure 4, B). This notion takes into account the limited accuracy of the
edge energy determination, which is on the order of + 0.15 eV, and edge shape changes
due to the various Ru coordinations in the complexes, which slightly affect the
apparent edge energy.[®® Smaller edge shifts were observed for higher Ru oxidation
levels. A smaller edge energy increase was expected for an enhancement in covalent
character of the ruthenium-ligand bonds and in the particular case of the Ru-O bond,
for partial oxidation of the oxygen atom. As an example, in the case of Ru-oxo formally

in oxidation state V, two resonance forms can be formulated.
Ru’=0 <> Ru'V-0- (2)

The K-edge energy for the complex cis-Ru'V(OH)2 was close to that typical for the Ru'v
level, i.e. as exemplified by RuO:. However, for cis-Ru’(OH)(0) the edge energy
increased by only ~0.35 eV with respect to cis-Ru'Y(OH), (Figure 4, B). This was
suggestive of the resonance phenomenon explained above (2), meaning that the larger
fraction of about 65 % of the cis-RuY(OH)(0) complex in solution rather showed a
Ru'V-0- motif and only the remainder a Ru’=0 bond. However, the pre-edge peak area
(Figure 4, B) considerably increased from cis-Ru'V(OH): to cis-Ru¥(OH)(0), but was
smaller than for RuO2, indicating a significantly higher double bond character of the
ruthenium-oxygen bond in cis-RuY(OH)(0). This was in agreement with the DFT
analysis, which suggested for the cis-Ru'(OH)2 a HO-Ru!V-OH and for cis-Ru’(OH)(0) a

0 =Ru"-OH configuration.
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Figure 5. (A) Fourier-transforms (FTs) of EXAFS spectra of cis-Ru complexes. FTs were calculated

for k-values of 2-12.5 A-! and using cos? windows extending over 10 % at both k-range ends. Inset:

Fourier-filtered EXAFS data corresponding to backtransforms of FT spectra in a range of 1-3 A of

reduced distance. Solid lines and open circles, simulations with parameters in Table 3 (fits a and d);

thin black lines, experimental spectra. FT and k-space spectra were vertically displaced for

comparison. (B) Ruthenium-oxygen bond lengths versus the ruthenium oxidation state from XAS,

DFT, and crystallography. The circle marks the distance from XAS attributed to a Ru-OH bond in the

cis-RuY(OH)(O) sample (Table 3).
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EXAFS analysis was carried out for the cis-Ru'Y(OH)2 and cis-RuV(OH)(0) complexes
(Figure 2, A) to derive precise bond lengths in the solution samples. The EXAFS
spectra were well described by the inclusion of first-sphere ruthenium-oxygen and
nitrogen and second-sphere ruthenium-carbon distances in the simulations. Inclusion
of longer interatomic distances did not alter the results for the first sphere (not
shown). The determined bond lengths are reported in Table 3. With increasing metal
oxidation state and increasing deprotonation of bound oxygen species a shortening of

ruthenium-oxygen bonds was observed, as expected.

Table 3. Ruthenium-ligand distances in cis-Ru complexes from EXAFS analysis.

N [per Ru] / R [A] /202 x103 [A-1]

fit Ru=0 Ru-0 Ru-N Ru-C Rr [%]

cis-RuV(OH)2 a - 2/2005/2 4/2073/2 8/2963/8 21.1
b 011/1.698/2 1.89"/2.005/2 4/2.072/2 8/2963/8  20.1

cis-RuY(OH)(0) ¢ - 2/2002/2 4/2095/2 8/2968/11 263
d 036°/1710/2 1.64°/2.046/2 4/2.074/6 8/2.972/10 22.2

N, coordination number; R, metal-ligand distance; 202, Debye-Waller parameter; RF, error sum
calculated over reduced distances of Fourier-transforms of 1-3 A. Coordination numbers were fixed at
their chemical values in the simulations except for (*), values coupled to yield a sum of 1 (cis-Rulv
(OH)2 or cis-RuY(OH)(0O)) in the simulations. 202 of the Ru-oxygen bonds was fixed in the

simulations.

In the cis-Ru'V(OH), sample, short ruthenium-oxygen distances of ~1.7 A due to a
Ru=0 bond were barely detectable and both Ru-O bonds therefore were of similar
lengths. For cis-RuV(OH)(0) a similar ratio of about 35 % and 65 % of RuV=0 and Ru''-
0- forms as concluded from the XANES data was observed. For the cis-Ru'V(OH); and
cis-Ru’(OH)(0) complexes, bond lengths for Ru-OH (~1.9 A) and Ru=0 (~1.7 A) motifs
were in good agreement with respective values from the DFT calculations (Figure 5,
B). The ruthenium-oxyl distance tentatively attributed in the EXAFS simulations
appeared to be by about 0.3-0.4 A longer for a cis-Ru!V-0- species compared to cis-Ru"
=0 (Figure 5, B).
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DFT Analysis of the cis/trans Isomerization Process. In the presence of light the
cis-[Ru"'(H20)2]?* complex isomerizes to the corresponding trans, as shown in the

following equation for the complex in oxidation state II.
cis-[Ru''(H20)2]?* — trans-[Ru"(H20)2]%* (3)

It is also known that isomerization takes place at oxidation state III but no information
is available for the corresponding species with oxidation states IV, V and VI. As has
been previously discussed a spectroscopic study and a DFT analysis have been carried
out aimed at understanding the electronic structure of cis-Ru(H20); and the
corresponding species in higher oxidation states together with their trans analogues.
Further, a detailed study of the photoisomerization process for oxidation state II has
been carried out at the time-dependent density functional (TD-DFT) level of theory.
We propose a mechanism in which upon light irradiation of the “cis-bisaquo” complex
cis-[Ru!'(bpy)2(H20)2]** a photodissociation step leads to an aquo ligand loss and a
species we will call “cis-mono-aquo”, referring to the relative disposition of the
remaining aquo ligand with the vacant coordination position. Following, this species
undergoes ligand reorganization to a “trans-monoaquo” species and, finally, the
recoordination of an aquo ligand yields the “trans-bisaquo” complex trans-[Ru(bpy)2
(H20)2]?* as represented in Top of Figure 6. The relative energies of all species for
different spin states are summarized in Table 4 and the relative energies of the species

involved in the process are reported in Figure 6.
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Table 4. Free energy in kcal/mol for the different species intervening in the photoisomerization
process from the cis-Ru''(OH>) to the trans-Ru''(OHa) isomers. Energies of the Ru! species which
geometry has been optimized are accompanied by the energies for the other spin states considered for
the study of vertical excitations computed retaining the geometry. All energies are reported with

respect to cis-Ru''(H20)2-So (C-So in Figure 6) as 0 energy reference species.

Species of tl_le Optlml_zed_Ge(_)metry spin G (keal-mol )
(Corresponding notation in Figure 6) state

cis-Rul'(H20)2-So (C-So) So 0.00

S1 44.58

T1 39.41

cis-Rul'(H20)2-S1 (C-S1) S1 40.83

So 5.82

cis-Ru''(H20)-So (¢-So) So 9.29

S1 53.46

cis-Ru''(H20)-T1 (c-T1) T1 24.18
TS-Ru'"(H20)-T1 (TS-T1) T1 28.46
trans-Ru'' (H20)-T1 (t-T1) T1 21.84
trans-Ru''(H20)-So (t-So) So 25.46

S1 32.88

trans-Ru''(H20)2-So (T-So) So 12.27

S1 50.65

trans-Ru''(H20)2-S1 (T-S1) S1 47.25

So 19.64

When optimizing T: geometries for the “cis-bisaquo” complex, as described earlier, one
aquo ligand is decoordinated leading to a “mono-aquo” species and a free water
molecule. This indicates that the cis/trans photochemical isomerization of [Ru'(bpy)
(H20)2]?* compound is likely to start by intersystem crossing form the S photoexcited
state (C-S1 in Figure 6) to the Ti spin state (C-T: in Figure 6) of the cis-Ru''(H20)
bisaquo compound. Upon relaxation, this cis-Ru'(H20)2-T1 bisaquo species suffers
decoordination of an aquo ligand leading to the cis-Ru''(H20)-T1 mono-aquo species (c-

T1 in Figure 6) and a free water molecule. The optimization of isolated “mono-aquo”
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intermediate species in the gas phase retains the octahedral coordination typical of Ru
d6 complexes with one coordination site remaining vacant. Therefore it is important

to consider both, the cis- and trans-Ru''(H20) monoaquo intermediates.

H,0
AP A O "™ wo[ D
Ru\ Ru\ I Ru\ Ru'\
<J OH,  hv (J OH, (J OH, | YoH,
C c t T
Photodisociation Isomerization Recoordination
60
= C-S, IsC
g _— C-T, H,0
O T : TS-T
O ~Q . L 1 M
E L-Sl (-T] ISC t-S(, HZO
o« 4T, |
L T-S, :
0
C-S,

Figure 6. Energy diagram (TD DFT) of the isomerization process. For each set of structures in a
vertical stack, a box indicates the singlet state for which the geometry was optimized, and the second
singlet-state energy is for a single-point calculation at that same geometry. Triplet state energies for
mono-aquo species are shown for separately optimized structures. In the central structures, a vacant

coordination site is indicated to forward right in the line structures.

The isomerization step, which involves the reorganization of the bpy ligands around
the metal center, would then occur from the cis-Ru"(H20)-T1 (c-T1 in Figure 6) to the
trans-Ru''(H20)-To mono-aqua species (t-To in Figure 6), in the triplet state. We have
localized and optimized the transition state of this isomerization presenting a AG
barrier over 4 kcal-mol. This transition state is closer, both energetically and by

geometry, to the cis-Ru''(H20)-T1 species.

Finally, since the trans-Ru''(H20) species has as ground state triplet really close in
energy to the corresponding S1 spin state(t-S1 in Figure 6), the next step should be a
second intersystem crossing, after which point coordination of water would complete
the mechanism yielding the trans-Ru'(H20)2-So (T-So in Figure 6).
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4.3.5. Conclusions

The electronic structure of cis-[Ru"(bpy)2(H20)2]?* and their higher oxidation states
species have been studied by means of UV-vis, EPR, XAS and DFT calculations. EPR
spectroscopy together with DFT show that in all cases lower spin configurations are
favored and thus oxidation state (IV) is a singlet, EPR silent at low temperature. For
oxidation state V, DFT calculations propose a doublet in very good agreement with
EPR that can be nicely simulated as S=1/2. XAS spectroscopy of higher oxidation state
species together with DFT allowed to understand the electronic structure of these
complexes and in particular the decrease of Ru-O bond distances as oxidation state
increases together with an enhancement of the double bond character of the 0-Ru-0
unit. Finally, the photochemical isomerization of the cis — trans complex at oxidation
state II has been fully characterized by DFT methodologies and show that the process
involves the decoordiantion of one aqua ligand leading to a coordinatively unsaturated
complex that isomerizes and recoordinates the aqua ligand, to finally yield the trans

isomer.
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Chapter 5

Polypyridyl Ruthenium Catalysts for
Hydrogenative CO2 Reduction

Hydrogenation of CO; is one of the important and attractive subjects of research in
recent transition metal, catalytic and organometallic chemistry. Most of the catalysts
reported to date are Rh, Ru and Ir complexes containing phosphine ligands. In a different
approach, the present chapter reports a series of Ns-Ru-Cl polypyridyl complexes as
catalyst precursors for the hydrogenative reduction of COz. Experimental evidence of
their good performance in the production of formic acid is accompanied by a thorough
theoretical study of the proposed mechanism. Additionally, initial results of the
performance of the analogous dinuclear ruthenium complexes bearing the bpp

dinucleating ligand as catalysts for the reductive process are included.
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5.1. INTRODUCTION

The most important industrial processes in which carbon dioxide is used as a reagent

are the synthesis of carboxylic acids,!" inorganic carbonates, urea and methanol.[? 3]

The overall CO; fixed by industry annually adds up only to 0.5% of the total
anthropogenic CO2 emissions, which is about 24 GT of COz/year.[* Thus, the utilization
of CO2 as carbon source for the synthesis of liquid fuels or fuel precursors results a
convenient alternative to the quite little efficient and strongly endothermic (indirectly
CO2 emitting) current processes used to obtain C; reduced molecules like methanol

and formic acid.

The catalytic hydrogenative reduction of COz to form formic acid!*>! and its derivatives
[1.6.7] have gained specific attention. In particular, the high activity of some transition
metal catalysts, as Rh, Ru and I, offers the possibility of utilizing COz as a C1 chemical

feedstock.

5.1.1. Ruthenium phosphine catalysts

The homogeneous catalytic production of formic acid by hydrogenative reduction of
CO2 represents the primary step in CO: fixation. This catalytic reaction was initially
achieved in 1970’s with only modest activity.[ 8 °1 The field reblossomed at the
beginning of the 1990’s, many Rh-phosphine-based catalysts achieving higher
efficiencies were reported and complemented by important theoretical mechanistic

studies.[? 3,10-13]

The employment of new Ru!' phosphine catalysts to promote the reductive process
represented a real break through in the field. Especially due to the investigations by
Jessop, lkariya and Noyori whose catalysts achieved extremely high turnover numbers
when scCOz was used as both reactant and solvent.[*%] Musashi and Sakaki elaborated
a theoretical mechanistic study with ab initio calculations on the model catalyst cis-[Ru

(H)2(PHz3)4] in the gas phase. The mechanism they proposed is depicted in Figure 1.1
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Figure 1. Mechanism for the hydrogenative reduction of CO2 by [Ru(P)4(H):] catalysts, being P
trimethyl-phosphine or PHj3. Squared, the theoretically studied transition states. Hydride species
generation (1), entrance to the catalytic cycle by phosphine ligand dissociation (2), CO: insertion (3),
hydrogen insertion (4), hydride regeneration by intramolecular hydrogen cleavage and formic acid

release (5).1141

Even though very detailed reaction steps were reported, discrepancies between the
mechanism and experimental data observations existed. Theoretic results sustained
that the rate determining step was the CO: insertion into the Ru-H bond, which was
contradicted by the experimental evidence of a high dependence of the reaction rate
on the partial pressure of Hz. This inconsistency was later overcomed by Sakaki and
co-workers in a study of the full structure of the catalyst cis-[Ru(H)2(PMes)4]. They
followed the same mechanism but, accounting for solvation effects, they demonstrated
that the rate determining step was the regeneration of the Ru-hydrido species, through

what the authors claimed to be a new type of sigma-bond methathesis.['5]

Big efforts have also been put in the elucidation of the mechanism of the more rigid
catalyst [Ru(dmpe)H2] containing the diphosphine chelating ligand dmpe
(Me2PCH2CH2PMez) by combined experimental and theoretical techniques.'® 171 The
authors described for the cis species a very similar mechanism as the one previously

reported for cis-[Ru(H)2(PMes)4] (Figure 1). Though, the trans isomer was proposed to
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be more active presenting overall smaller energy barriers in the mechanism described

in Figure 2.1l
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Figure 2. Mechanism for the hydrogenative reduction of CO2 by Ru(P-P):H: catalysts, P-P being the
dmpe ligand (CH3PCH2CH2PCH3). Squared, the theoretically studied transition states. CO; interaction
with the Ru-H species (1), isomerization of the formato complex (2), formate release by Ha insertion
(3), stabilization of the Ru-Hz species by formate anion (4), and hydride regeneration by heterolytic
cleavage of H-H bond assisted by formate (5).116: 17}

5.1.2. Ruthenium polypydridyl catalysts

In the fields of electrochemical and photochemical reduction of CO2, non-phosphine-
based ruthenium complexes containing polypyridyl ligands play an important role as
electrocatalysts and photocatalysts respectively.'822] In contrast, there are very few
cases in which ruthenium polypyridyl catalysts are reported to be capable to

transform ing CO: by a hidrogenative reduction process. Himeda and co-workers
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presented a new family of Ir'!, Rh and Ru'" half sandwich mono hydride species
containing bpy/phenantroline and Cp/CsMes ligands, or their functionalized
derivatives.[?3-25] These catalysts achieved in some cases high TON and TOF for the
catalytic homogeneous hydrogenation of CO2 to formic acid in water and with KOH as
a base. For example, the iridium catalyst [Cp*Ir(phen)H]* presented performances

amongst the highest reported to date.[?%27]

H* + H,O
+
rds for Ru [ M—H CO;
( 3 not observed for Ru

+ H, 1

] 2 M—0 }
(T —
S = -
—N N— observed for Ru H

\ / \ / observed for Ru

+
HCOOH H;0

Figure 3. Left, drawing of the M-H ruthenium catalyst structure. Right, mechanism for the reduction
of CO2 to HCOOH by half sandwich Ru and Ir hydride complexes. CO> insertion to the M-H bond

(1), formic acid release (2) and hydride species regeneration (3).[231

Fukuzumi and coworkers tested [Ru(CsMes)(bpy)(H)]* and [Ir(Cp*)(bpy)(H)]* in
acidic media with no added base. Both were proposed to proceed through the
mechanism shown in Figure 3. Interestingly, experimental data point to differences in
the nature of the rate determining step. The slow kinetics of the CO: insertion process
of the Iridium catalyst enabled the isolation in the solid state of the M-hydride
complex which was characterized by MS and 'THNMR. In the case of Ruthenium, the
analogous species was not observed. The detection of the respective ruthenium

formato and aquo complexes, added to the strong dependence of the TOF on H: partial
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pressure, lead the authors to propose the hydride regeneration to be the rate

determining step.[23

5.1.3. State-of-the-art in hydrogenative CO2 reduction

Present research in the field is mainly focused of rhodium, ruthenium and a few
iridium catalysts, most of them containing phosphine ligands, in different organic
solvents,[2# 25 28-30] water, super critical CO2 (scC02)BY and even ionic liquids.3% 33

Both in homogeneous phase and in heterogeneous phase. [7-32 34

The performance of some representative examples of the catalysts for the

hydrogenation of CO; reported to date, is summarized in Table 1.

Table 1. Significative catalytic systems, their catalytic conditions and their performances in the

hydrogenation of CO; to formic acid.

catalyst precursor solvent Add- pHz/ T t TON
itives pCOz (°C) (h)
(bar)

1 [IrH3(PNP)](3] H20 KOH 30/30 120 48 4E+06
2 [CeMes Ir(4,4-(OH)2-(phen)CI]126)  H0 KOH 20/20 60 20 5500
3 [Cp*Ir(phen)Cl]Cl(26] H20 KOH 30/30 120 48 2E+05
4 [RhCl(tppts)3](10 H20 NHMe,  20/20 RT 12 3439
5 [RhCI(PPhs)3](42] MeOH PPhs NEts 20/40 25 20 2700
6 [(dcpb)Rh(acac)]3! DMSO NEt3 20/20 RT 0,2 263
7 [(CeMeg)Ru(4,4'-(OH)2-bpy)Cl]26]  H,0 KOH 20/20 60 20 4400
8 [(CeMes)Ru(bpy)Cl]2! H20 KOH 20/20 60 20 68
9 [Ru(Clz-bpy)2(H20)2]2+141 EtOH NEt3 30/30 150 8 5000
11 [RuHz(PPh3)4] 0] CeHs Na,C03  25/25 100 4 169
12 [RuHz(PMes)4] (1] scCO; CHsOH 80/120 50 0,5 2000
13 [RuCl(0Ac)(PMes3)4] 135 scCO;  NEt;, TFE 70/120 50 0,3 28500
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As can be seen the catalyst that has the best performances so far is the Ir'!(H)3 catalyst
reported by Nozaki (Entry 1, Table 1) which’s mechanism remains unknown.
Continuing with iridium, comparison of the entries 2 and 3 indicate the importance of
the auxiliary ligand’s electronic effects on the catalyst performance (upon ligand
functionalization, the relative little increase of the total gas pressure results in an

increase of 400 times of the TONs ).

Interestingly, even though their overall performances are not extremely high, the Rh

based catalysts (Entries 4-6, Table 1) are capable to work at very mild temperatures.

The ruthenium catalysts can be generally classified in two groups; those which will
lead to Ru-H species and those who will potentially lead to Ru(H): species by

substitution of their labile ligands.

In the first case, the Ru-H catalysts derived from the compounds in entries 7 and 8
exemplify again the importance of the electronic effects of the ligands on the catalyst’s

performance.

The second case, complexes leading to Ru(H)2 active species (Entries 9-13, Table 1)
are the ones which have been most deeply studied, as already mentioned in section
5.1.3.

The high positive effect of using scCO2 as both reactant and solvent can be seen in
entries 11 and 12 where the same catalyst is employed in benzene and in scCO2

respectively.

A trustful assignment of the rate determining step of these systems and understanding
of some of the experimental results is still lacking. The positive effect on the catalytic
performance of some bases, such as amines (Entries 4-6,9-10 and 13, Table 1), and
protic solvents, like water and alcohols (Entries 12 and 13, Table 1), in the reaction
media has drawn special attention.[3>-38 Even though, the exact role of them is not fully
understood and may change from one catalytic system to the other, it is well

established that, at the very last, the base acts to thermodynamically stabilize the

formic acid product.!3 3€]
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5.2. CO2 REDUCTION BY MONONUCLEAR
RUTHENIUM POLYPYRIDYL COMPLEXES

A family of new mononuclear ruthenium complexes with general formula [Ru(T)
(bpy)(CD]" (T: tridentate meridional ligand trpy or the anionic bid-; bpy: bidentate
ligand 4,4’-Rz-2,2’-bipyridine, where R = H, COOEt or OEt; n: charge ranging from 0
to +1, see Figure 1) have been synthesised and fully characterized. These complexes
act as precatalysts for the hydrogenative reduction of CO; to formic acid. Further,

their mechanistic pathways have been investigated by means of DFT.
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5.2.1. Abstract

A family of new mononuclear ruthenium complexes with general formula [Ru(T)(bpy)
(CD]* (T: tridentate meridional ligand trpy or the anionic bid-; bpy: bidentate ligand
4,4’-Rz-2,2’-bipyridine, where R = H, COOEt or OEt; n: charge ranging from 0 to +1, see
Figure 1) have been prepared, isolated and characterized. Further, they have been
experimentally tested as precatalysts for the hydrogenative reduction of CO2 in 2,2,2-
Trifluoroethanol (TFE) as solvent in the presence of NEts. Significant amounts of
formic acid were produced by some of these catalysts which’s kinetics of formation
was followed by 'H-NMR. The potential mechanisms and intermediate species for
these catalytic systems have been investigated by means of DFT to get deeper insight

in the process. Furthermore, the effect of the electron donor and electron withdrawing

182


mailto:fmaseras@iciq.es
mailto:fmaseras@iciq.es
mailto:allobet@iciq.es
mailto:allobet@iciq.es

Chapter 5

groups on the catalyst’'s performance has been studied both experimentally and

theoretically.

5.2.2. Introduction

The use of carbon dioxide (CO2) as a raw material for Chemicals synthesis is gaining
growing attention, driven by environmental, legal and social factors. Atmospheric
Carbon dioxide is the most abundant greenhouse gas and the scientific community
now agrees that the increase of its concentration in the atmosphere in the last decades
is mainly due to human activity. -3 Although up to now the use of CO in chemical
synthesis contributes very little in the decrease of CO2 concentration in the
atmosphere, there are several other factors that render CO:z an interesting chemical

feedstock; High abundance, low toxicity, low cost and low critical temperature.

Hydrogenative reduction promoted by transition metal catalysts represents a viable
way to obtain reduced C1 products from CO2 such as formic acid, formaldehyde and
methanol. These transformations require multiple proton coupled electron transfer
processes as shown in equations 1-3. The need of concerted many PCET adds
complexity to the already the intricate catalytic process involving the reaction of two

gases (COz and Hz).

COz +2H+ +2e- — HCOOH (E°red=-0.61 at pH7 vs NHE) (1
CO2 +4H+ +4e- — HCHO + H20 (E°rea= -0.48 at pH7 vs NHE) (2)
CO2 +6H+ +6e- — CH30H +H20 (E°rea= -0.38 at pH7 vs NHE) (3)

Rhodium and, to a lesser extent, ruthenium complexes bearing phosphine ligands
have been reported to catalytically reduce CO: obtaining as main products
formaldehyde and formic acid (and their derivatives).[*-°1 Furthermore it has also been
shown that the efficiency of these complexes as catalysts is strongly dependent of the

electronic nature of the auxiliary ligands.!”)
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The production of formic acid is thought to be the first required step for the reduction
of CO2 to the more reduced C1 products. Hence, the paramount importance of

understanding the catalytic mechanism and the factors governing it.

The present work presents a new family of catalysts for the hydrogenative reduction of
CO:2 to formic acid. Combined experimental and theoretical studies allowed to shed
light into the ligand effects on the catalytic performance and sets the basis for further

ligand/catalyst design.

5.2.3. Results and discussion

A family of new mononuclear ruthenium complexes with general formula [Ru(T)(bpy)
(CD]™ (T: tridentate meridional ligand trpy or the anionic bid-; bpy: bidentate ligand
4,4’-Rz-2,2’-bipyridine, where R = H, COOEt or OEt; n: charge ranging from 0 to +1, see
Figure 1) have been synthesised. This family of complexes constitute an ideal basis to
understand how the electronic tuning, by ligand modification, affects the activity of

ruthenium catalysts for hydrogenative CO2 reduction.

-
N/ 1;R=H,R'=H
N 1d;R =-OEt,R'=H
1w; R =-COOEt,R'=H
N 1d';R =H,R' = -OEt
1w'; R =H,R' = -COOEt
\_/

N
R R /
I/ @NO

frpy R,-bpy R',-bid

R'

Figure 1. Polidentate ligands and their functionalizations.

For T = bid complex 1 (R = H, R’= H) was newly synthesized and complex 2 with T =
trpy was obtained as previously reported.[®] The catalyst’'s precursors 1 and 2 are

shown in Figure 2.
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In the case of 1, two derivatives were obtained by introduction of electron donor (R= -
OEt) and electron withdrawing (R= -COOEt) functionalities on the 4,4’-R;-bpy ligands
in compounds 1d and 1w respectively (See Figure 1). These functionalizations were

chosen as they do not involve overall charge modification of the catalytic species.

All the bid" containing compounds were synthesized following the same “one pot”
procedure. An ethanol solution with the mixture of [RuClz(bid)] with the bidentate
ligand 4,4’-Rz2-bpy was put at reflux for one hour. Then, the addition of an excess of
NEts and LiCl was followed by four more hours of reflux. Cooling the solution yield the

desired product as a crystalline powder.

Figure 2. Top, drawing of the mononuclar 1 and 2 precatalysts. Bottom, capped stick X-ray structure
of complex 1 and capped stick calculated structure of 2. Ru, pink; N, blue; Cl, green; C, grey; H are

not shown for clarity.

Complex 1 was characterized by X-ray monocrystal diffraction analysis and its crystal
structure is shown in Figure 2 (bottom). As it can be observed, the metal centre

presents a slightly distorted octahedral geometry. The distortion is more significative
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in complex 2 due to the marked difference in the bite angle of the tridentate chelating
ligands. All these Ru-Cl complexes were tested as catalyst precursors in the

hydrogenative reduction of COz obtaining formic acid as the sole detected product.

Catalytic experiments

All experiments were carried out in a HEL multireactor connected to second 100 mL
high pressure reactor (as is schematically presented in Figure 3). The latter served as

an external “lung” reducing the overall gas pressure variations during the reaction.

Figure 3. Experimental setup for the catalytic experiments.Valves (1), manometer (2), oil bath (3),
cold fingers (4), reaction vessels (5), HEL reactor’s lid (A) and HEL reactor bottom (B). Gas flow,

green arrows; cooling system, blue arrows.

In a typical catalytic run, 0.9 mL of a 0.3 mM catalyst’s solution of a mixture of 2,2,2-
trifluoroethanol and triethylamine (8:1) was introduced in each reaction vessel of a
HEL multireactor. Once loaded with samples and connected to an additional 100 mL
“Lung” reactor, the system was purged with 5 bars of nitrogen three times and

charged with the CO2/H; mixture (45 bars of CO2:Hz in a 1:1 ratio). After cooling the
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reflux “cold fingers” to 5 °C, the reactor was introduced to a preheated oil bath at 100
°C and stirred at 500 rpm. At the desired time, the reaction was stopped by removing
the reactor from the bath and subsequently introducing it in an ice bath for 10 minutes
without stirring. The samples were analyzed by 'H-NMR, taking 0.2 mL of the reaction
solution and mixing them with 0.25 ml of D20 containing DMF as internal standard

(120 pL in 10 mL). Three replicates were performed for each measurement.
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Figure 4. Top, catalytic profile. Bottom, initial HCOOH formation.
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In Figure 4 the formic acid produced in TONs over the initial 130 minutes are
represented. As can be seen in Table 1, the initial rates for catalysts 1, 1d and 1w are
significantly higher than those of 2. Which is in good agreement with the poor
performances previously reported with the latter catalyst precursor in other catalytic
conditions®1Y and the demonstrated high stability of the corresponding hydride

active species, which was even crystalized from an aqueous solution.['?]

The performance of the most active catalysts (1, 1d and 1w) was studied for a longer
period. As can be seen in Figure 4 after 7 days (168 h) all three catalysts were
deactivated. The maximum TON of 1400 was reached with 1w, whereas the presence
of an electron donor group in 1d slows down the process and decreases the overall
performance. In the case of the slower catalyst 2 its performance remains far below

those of 1, 1d and 1w after long periods.

Table 1. Catalytic performances.

catalyst  TOFoPl(h1) TON;[?

precursor
1 155,3 1090

1d 120,3 880
1w 193,4 1354

2 0,5 44

[a] TON of HCOOH detected after 7 days for all catalysts except for 2 (92 h). [b] Initial Turn Over

Frequencies, considering the first 130 minutes.

DFT Calculations on the catalytic mechanism

DFT calculations have been undertaken to study the reaction pathway for the catalytic
process and to understand the origin of the different performances between catalysts.
Based on bibliography,!> 13 14 the catalytic conditions and observations, the

mechanism proposed consists on the four general steps depicted in Figure 5.
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Hy/NEt, | CI7HNEt;* co,
Ru—Cl NS Ru—H
HX I
v
X H
H
Ru | /\\O
H Ru—0O
III
HCOO"  H,

Figure 5. Catalytic cycle under study. A first step from Ru-Cl to form the ruthenium hydride (I),
which is the active species, followed by the three consecutive steps that constitute the catalytic cycle.
CO: insertion into the metal hydride (II), substitution of the formato ligand by dihydrogen (III) and
regeneration of the hydride by heterolytic cleavage (IV).

Geometry optimisations of the Ru-Cl complexes 1, 1w, 1d and 2 as well as the
corresponding reaction intermediates and transition states involved in the catalytic
cycle, have been carried out at the MOG6L-DFT level of theory following the
methodology described in the Experimental Section of the Supp. Inf.. The Ethyl groups
of the -OEt and -COOEt functionalizations, as well as the ones of the NEt3 base, have

been substituted by methyl groups for computational simplification.

In addition to all the catalytic systems experimentally studied, two additional catalytic
systems based on derivatives of 1 functionalized with -OMe (complex 1d’) and -
COOMe (complex 1w’) on the 4 and 4’ position of the pyridyl rings of the bid" ligand

have been considered (see Figure 1).

Coordinates for all the calculated structures and selected structural parameters
(displayed in Tables S2-S8) are contained in the Supp. Inf. Comparison with
experimental values obtained for structures from X-ray diffraction analysis show an

excellent agreement.

The catalytic steps 1 to IV (Figure 5) were divided as follows (the tridentated
meridional ligand T and the bidentated bpy ligands are not shown for clarity):
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Entrance to the cycle,

[Ru-Cl]+ H, — [Ru-H] + HCl

CO; insertion,

[Ru-H] + CO2 — [Ru-H--CO,J*

[Ru-H--COz]* — [Ru-H-CO2]

[Ru-H-COz] = [Ru-0-CHO]

Substitution,

[Ru-0-CHO] — [Ru---0-CHO]*

[Ru---0-CHO]* — [Ru] +HCOO-

[Ru] + H, — [Ru-Hg]

Heterolytic cleavage,

[Ru-Hz] + X — [Ru-H--H--X]*

[Ru-H--H-X]* — [Ru-H] + HX

(x=0 for X=HCOO" or x=N for X=NMe3z )

The optimised structures and the energetic profile of the computed species
intervening in the catalytic cycle for systems 1, 1w and 1d are shown in Figure 6. Two
energetic barriers have to be considered AG°*1 and AG®%,.
the Ru-H bond yields the corresponding Ru-OCOH species. Second, the Ru-hydride
regeneration from the “formato” intermediate which represents the rate determining
process for these catalytic systems. More precisely, the substitution of the “formato”
ligand by dihydrogen is followed by the heterolytic cleavage of the H-H bond assisted
by the formato anion (Equations III and IVa-x where X is HCOO") regenerating the

hydride active species.
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—Ii

kcal/mol

AG®,

Figure 6. DFT computed potential energy profile (free energy) in kcal/mol for the cycle of the
catalytic systems based on 1 (black lines), 1d (purple lines) and 1w (orange lines). For comparison

purposes all energies of Ru-H species have been set as 0.

For the last step (IV), the role of the amine has also been considered. The amine could
directly intervene as X in the transition state in equations IVa-x and [Vb-x. In all cases,
the energies for [Va-N where greater than the corresponding to IVa-O. Alternatively,
the calculations indicate that the amine acts as thermodynamic driving force

stabilising the final product by 4.85 kcal/mol as exemplified in the following equation:
[Ru-H--H--OCHO] * + NMe3z— [Ru-H] + [HCOO][HNMe3] (IVb-ON)

The free energies of steps I-IV for all the catalytic systems under study are

summarized in Table 3.
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Table 2. Gibbs Free energies at the MO6L DFT level of theory of the different steps in the catalytic

cycle, kcal ‘mol!, for catalytic systems based on 1, 1d, 1d’,1w,1w’ and 2.

catalyst
1w 1 1d 2 1w’ 1d’
precursor
I 27.53 27.48 26.80 2430 2682 29,25
II -8.78 -9.39 -9.60 -9.78 -7.70  -11.66
lla 11.12 10.19 9.00 12.23 10.93 7.3
IIb -4.32 -5.91 -4.93 -1.07 -4.79 -6.33
llc -15.58 -13.67 -13.68 -2094 -13.83 -12.63
111 12.00 11.03 10.45 22.62 1323 10.60
la 11.47 11.75 11.28
b 1.27 0.28 0.76
lllc -0.74 -1.00 -0.72 -1.05 1.19 0.24
V-0 3.04 4.62 5.41 -4.70 0.72 7.31
IVa O 4.57 7.97 9.55 2.53 590 8.84
IVb O -1.53 -3.35 -4.14 -7.23 -5.18 -1.52
IV-ON -1.81 -0.23 0.57 -9.54 -4.13 2.47
IV-N 1,80 3.38 3.48 -5.94 -1.14 3,43
IVa N 844 8.78 9.88 7.42 6.06 9.42
IVb N 6.64 -5.40 -5.71 -13.36  -6.58 -3.35
AG* 11.12 10.19 9.00 12.23 10.24 7.3
AG*; 16.56 19.00 22.00 25.16 19,13 19.43

As a general trend, the catalysts containing ligands with more electron donor nature
yield more reactive hydride species, with less energy demanding barriers for step Ila.
As would be expected, these catalysts also favour the formato ligand substitution by
dihydrogen (corresponding to step III). Accordingly, the catalytic systems with
electron acceptor ligands favour the heterolytic cleavage assisted by the formato anion
in [Va-O.

The electronic differences of the systems derived from 1, 1d, 1d’, 1w and 1w’ gain in
significance in the last step (IV). The presence of electron-withdrawing groups on 1w
and 1w’ induce considerably large energy stabilization of the transition state for the
heterolytic cleavage step IVa-O (ca. 3.5 kcal/mol lower in 1w with respect to 1).
Accordingly, the presence of electron donor groups in 1d and 1d’ result in more
energetically demanding transition states (1d has an energetic barrier 1 kcal/mol

higher than that of 1). These differences have a direct impact on the rate determining
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step (AG°*2 = III + IVa-0). These results are in good agreement with the experimental

data previously discussed.

The presence of the substituents on 1d and 1w have a stronger effect on AG°*; than in
1d’ and 1w'. In the latter cases, the influence of the substituents on the Rz-bpy ligands
on step III is fully contrarested in step 1Va-0, resulting in AG*; values almost equal to

those of 1.

Significant differences can be observed between systems 1 and 2 in Table 2.
Summarizing, the presence of less electron rich ligands in catalyst 2 makes the
corresponding Ru-H hydride species less reactive with CO2. Therefore, 2 presents the
higher energetic barriers for Ila (AG*1 = 12.23). This result is consistent with the
previously reported high stability of the hydride species.1l Moreover, the
substitution of the formato ligand by neutral dihydrogen to afford the Ru-H:z species
(step III) requires 12.59 kcal/mol more for the catalytic system of 2 than for 1. System
2 presents the less energy demanding barrier for step [Va-O (only 2.53 kcal/mol).
Despite of its highly favored dihydrogen heterolytic cleavage, the computed rds (AG*; =
[II + IVa-0) for the catalytic system 2 is substantially more energetically demanding
than that of 1. Thus, a drastically slower performance of this catalyst would be

expected, as it is observed experimentally.

Few thorough theoretical studies can be found in the literature regarding Ru catalysts
for hydrogenative reduction of CO2.['3-18] Most of the catalysts previously studied
contain phosphine ligands and present distinct geometries and/or different number of
labile ligands (active sites) than the ones reported herein. Since the species to
intervene in the respective catalytic cycles are Ru(H)z, no direct comparison of the

catalytic activation barriers is possible.

5.2.4. Conclusions

We have prepared and thoroughly characterised a family of mononuclear complexes of
general formula [Ru(T)(bpy)(C)]* (T: tridentate meridional ligand trpy or bid; bpy:
bidentated ligand 4,4’-R:-2,2’-bipyridine , where R = H, COOEt or OEt; n = charge
ranging from 0 to +1). The ligands of these non-phosphine-containing ruthenium
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polypyridyl compounds have been sequentially modified maintaining the essential
structure. The electronic properties of the catalyst have been tuned in a controlled
manner by the addition of functional groups. The resulted complexes have proven to
be active as catalyst’s precursors for the hydrogenative reduction of CO: yielding
formic acid. Their catalytic mechanism has been studied by DFT and has allowed to
understand the relationship between the ligands that constitute the catalysts and their
performance. In the case of 1 the functionalization of the polypyridyl ligands have a
direct influence on the velocity of the catalytic process. The present work constitutes
an example of how phosphine-free mononuclear ruthenium complexes with the right
ligand design can successfully catalyse the hydrogenative reduction of COz . Moreover,
it proves that theory can be used to understand the catalyst’'s performance and can

allow to envision the design of future active catalysts.
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Chapter 6

Summary and Conclusions

Specific points for each project developed along this thesis as well as general conclusions

are presented in this chapter.
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SUMMARY AND CONCLUSIONS

Chapter 3

o A new family of dinuclear Ru(II) complexes containing the tetra-dentate dinucleating
ligand bpp-, of general formula in,in-[{Ru"(T)(L)}2(u-bpp)]™V* (T= trpy or bid
tridentated meridional ligands; bpp=tetradentate bridging ligand and L=MeCN or
pyridine type monodentated ligands, n=1 or 3), have been prepared and structurally,

spectroscopically and electrochemically characterized.

These dinuclear molecules present a dynamic process, based on a synchronised

twisting motion, due to the steric hindrance between the monodentated ligands
bound to the metal centres that force a distortion of the preferred octahedral
coordination geometry. The rates of these dynamic processes have been investigated
by VT-'H-NMR and QM /MM calculations.

The velocity of the process is chiefly governed by the monodentated ligands . The
combination of the Ru-N bond strength (N being the binding site of the
monodentated ligands) added to the relative steric constrain of the monodentated
ligands dictates the interconversion energetic barriers. To a lesser extent, the nature
of the meridional ligand also influences the process. The compounds containing the
more flexible bid" ligand being energetically less demanding than those containing

the rigid trpy.

The through space interactions described above have direct influence on the ligand
exchange processes of these complexes. That has been demonstrated by UV-vis
kinetic studies following the ligand exchange process of the monodentated pyridine

type of ligands by acetonitrile.

Both, the QM/MM calculated activation barriers and experimental ligand

dissociation kinetics for compound in,in-[{Ru"(trpy)(3,5-Mez-pyr)}2(u-bpp)]3* agree
with an attractive m-m stacking interaction between the two lutidine ligands. This
supramolecular attractive interaction is responsible for the higher ligand

substitution barrier encountered for this compound with regard to its
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analogous compound [{Rull(trpy)(pyr)}2(u-bpp)]3* containing the less sterically

demanding pyridine as monodentated ligand.

Chapter 4

The new tridentated meridional ligand 5-([2,2':6',2"-terpyridin]-4'-yl)-2-
methylbenzene-1,3-disulfonate (trpy*) containing two sulfonate functionalities has
been prepared. This new ligand has been used in the synthesis of the following
ruthenium complexes: [Ru"(C1)s(trpy*)], [Rui(trpy*)z]Naz and in,in-[{Ru"(trpy*)}=(u
-02CMe)(u-bpp)](Na)z.

The presence of the negatively charged sulfonate functionalities on the ruthenium

complexes originates a negative shift of the redox potentials.

In the case of the in,in-[{Ru"(trpy*)}2(u-02CMe)(u-bpp)](Na)2 dinuclear compound

CV in pH=1 reveals a need of higher applied voltage for water oxidation (100 mV
higher than those of [{Ru'(trpy)(H20)}:z(pu-bpp)]®**) in homogeneous phase.
Anchoring this compound on anatase surfaces, results on further down shift of the
redox potentials to the extent that the oxidation state IV,IV is no longer active for
water oxidation. However, this oxidation state is able to catalyse the oxidation of

organic substrates such as EtOH.

The electronic structure of the cis-[Ru'/(Bpy)z(H20)2]?* water oxidation catalyst and

its trans isomer in their different oxidation states have been studied by theoretical
calculations at the DFT and CASPT?2 levels of theory. The computational results are in

concordance with the experimental data acquired by EPR and XAS spectroscopies.

The mechanism of the cis/ trans isomerization process experimented for this system
has been elucidated by DFT /TDDFT techniques. Photo irradiation of the singlet

ground state of the cis isomer leads, through intersystem crossing, to a triplet state
which is responsible for the aquo ligand decoordination and consecutive

isomerization.
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Chapter 5

¢ A new family of mononuclear ruthenium polypyridyl complexes with general
formula [Ru(T)(B)(Cl)] ( T = meridional tridentate ligand, B = bidentate ligand) have
been tested as catalyst precursors in the hydrogenative reduction of CO2 to formic
acid. Their most plausible mechanism has been investigated at the MO6L DFT level of

theory.

¢ The catalytic performances of these complexes are directly related to the ligands
bound to the metal centre. Two crucial steps govern the overall rate of the catalytic
process. First, the substitution of the anionic formato ligand, which is favoured in
complexes with electron donor ligands. Secondly, the heterolytic cleavage of the H-H
bond of the Ru-H: species, which is favoured by electron acceptor ligands. In the
design of an active catalyst a compromise should be reached when considering the

electronic nature of the ligands.
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IV. References
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The supporting information section also includes “cif” magnetic files of the
crystal structures of complex 3.



|. Synthesis and characterization

|- Materials

All reagents used in present work were obtained from Aldrich Chemical Co. or
Alfa Aesar and were used without further purification. Reagent grade organic
solvents were obtained from SDS and were routinely degassed with Argon.
Methanol was destilled over Mgl and DCM, hexane and diethyl ether were used
from the SPS. High purity deionized water was obtained by passing distilled water

through a nanopure Mili-Q water purification system.

[-11 Preparations

The 3,5-bis(2-pyridyl)pirazole® (Hbpp) and 1,3-Bis(2-pyridylimino)isoindoline®*
(Hbid) ligands, the starting complex [Ru"Cly(Hbid)]** and complex
[Ru'y(u—0,CMe)(trpy)x(bpp)I(PFs),, 7, and [Ru'y(trpy)s(bpp)(H,0),](PF), 8,
were prepared as described in the literature. All synthetic manipulations were
routinely performed under argon atmosphere using Schlenck and vacuum line
techniques. All NMR resonances were assigned using the labelling scheme shown

in figure S1.

Figure S1.

3



{[Ru(bid)]2(n-bpp)(n-MeC00)}-CHCl; (1). A solution of 66 mg of RuCl;(Hbid)'
(0.11 mmols) and 45 mL of NEt; (0.33 mmols) in MeOH (5 mL) was stirred for 30
min at RT under argon atmosphere in the absence of light. A 12.7 mg sample of
Hbpp (0.054mmols) with 32 mg of NaOMe (0.059 mmols) and 96 mg of LiCl
(2.26 mmols) were added to the initial mixture in 5 mL. of MeOH. The resulting
solution was heated at reflux for 2 h in the presence of a 200 W tungsten lamp.
When cooled to room temperature and filtered off, 50 mg of a dark green solid was
obtained. This solid dissolved in dichloromethane (5 mL) was added to a solution
of 0.411 g of anhydrous sodium acetate in methanol (100 mL) and the resulting
solution was heated at reflux for 2 h. Upon cooling to room temperature, the
unreacted starting material was filtered and the methanol solution evaporated to
dryness. The green product obtained was then dissolved in dichloromethane and
the insoluble sodium acetate was filtered. The dichloromethane solution was
evaporated to dryness and the light green solid attained was washed with hexane
and dried under vacuum. Yield: 52% (0.035 g). Anal. Calc. for Cs,H4,C13N40,Ru,:
C, 51.94; H, 3.44; N, 16.31. Found: C, 52.12; H, 3.23; N, 16.18. '"H-RMN (400
MHz, DCM-d, 298K, ppm): , 0.55(s, 3H, Ho), 6.09 (t, Jrgg=Jgu= 6.18 Hz, 4H, Hy),
6.52(t, Jcp=Jps=7.77 Hz, 2H, Hp), 7.19(d, Jpr=7.77 Hz, 2H, Hg), 7.45 (t, Jsgc=Jcp=
7.77 Hz, 2H, Hc), 7.45(t, Jou=Ju=6.18 Hz, 4H, Hy), 7.52(d, J;=6.18 Hz, 4H, H)),
7.62(dd, Jyx= 5.34, Jjx=3.06 Hz ,4H, Hy), 7.88(d, Jgc= 7.77 Hz, 2H, Hp), 7.96 (s,
1H, Hy), 8.04 (d, Jrg= 6.18 Hz , 4H, Hg), 8.17(dd, J;x=5.34, J;x=3.06 Hz, 4H, H)).
MALDI(+)-MS (MeOH): 1079 M+

{[Ru(bid)(py)]2(-bpp)}(CI)-CHCI; (2). This complex was prepared in the same
manner as 1, except that the dark green solid was mixed in 100 mL of chloroform
containing 0.40 mL of pyridine. The resulting solution was heated at reflux during
4 h. After cooling to room temperature the solvent volume was reduced to 10 ml.
Then, 40 mL of diethyl ether were added slowly and the resulting solution was kept

in the fridge for 3 hours. The dark green precipitate obtained was filtered, washed



with more diethyl ether and dried under vacuum. Yield: 68% (0.048 g). Anal. Calc.
for CgoH4gCI4N7Ru,: C, 53.90; H, 3.62; N, 16.76. Found: C, 53.83; H, 3.84; N,
16.80. 'TH-RMN (500 MHz, DCM-d, 298K, ppm): 8, 5.74(t, Jyu=Jun= 6.79 Hz, 4H,
Hy), 6.68 (t, Jep=Jgp= 5.85 Hz, 4H, Hp), 6.69(t, Jou=Jrc= 6.01 Hz, 2H, Hy), 6.81(t,
Jun= 6.79 Hz, 2H, Hy), 6.85(d, Jyu= 6.79 Hz, 4H, H,), 7.07(d, Jep= 5.85 Hz, 2H,
Hg), 7.55 (dd, J)x=5.29, Jix-= 3.15 Hz, 4H, 4H, Hy), 7.61 (d, 4H, Jy= 8.02 Hz, Hj),
7.68(t, Jep=Jec= 5.85 Hz, 2H, Hc), 7.70(dd, , Jur= 8.02 Hz, Jgy= 6.01 Hz, 4H, Hy),
8.00(dd, Jix= 5.29, Jx:= 3.15 Hz, 4H, Hj)), 8.21(d, Jzc= 8.0 Hz, 2H, Hp), 8.37(d,
Jre= 6.01 Hz, 4H, Hg), 8.45(s, 1H, H,). MALDI(+)-MS (DCM): 1020 [M-CI-
2Pyridine]+, 1055 [M -2Pyridine]+, 1099 [M - NO;-Pyridine]+

{[Ru(bid)(4-Me-py)]2(n-bpp)}(NOs)-CHCIl; (3) This complex was prepared
following the same procedure as for 2, except that that picoline instead of pyridine
was used as monodentate ligand and that before reducing the volume of chloroform
of 0.010 g of NaNO; were added to the solution. Recrystallization from
Dichloromethane/Ether yield black small crystals suitable for X-ray spectroscopy.
Yield: 77% (0.060 g). Anal. Calc. for Cs,Hs,CI,NgRu,: C, 54.55; H, 3.84; N, 16.42.
Found: C, 54.20; H, 4.06; N, 16.45. "H-RMN (500MHz, DCM-d, 298K, ppm):
8, 1.74(s, 6H ,Hp), 5.56(d, J\r=6.16 Hz, 4H, Hy), 6.66(d, J;\=6.16 Hz, 4H,Hy),
6.67(t, Jcp=Jcp= 8.35 Hz, 2H,Hp), 6.67(t, Jr=Jgr= 8.42 Hz, 4H, Hp), 7.00(d, Jpe=
8.42 Hz, 2H, Hg), 7.56(dd, Jjx=5.43, Jxe= 2.95 Hz, 4H, Hh), 7.63 (d, Jy= 8.42 Hz,
4H, Hj), 7.66 (t, Jzc=Jcp = 8.35 Hz, 2H, Hc), 7.71(t, 4H, Juc=Ju= 8.42 Hz, Hy),
8.01(dd, Jx=5.43, Jix= 2.95 Hz 4H, Hj), 8.26(d, Jzc= 8.35 Hz, 2H, Hp), 8.42(d,
Jr= 8.42 Hz, 4H, Hy), 8.61(s, 1H, Hy). MALDI(+)-MS (DCM): 1020 [M-NOs-

2Picoline]+

{[Ru(bid)(3,5-(Me),-py)l2(u-bpp)}(NO3)-2CH,Cl,  (4) This complex was
prepared in the same manner as 3, except that lutidine instead of picoline was used

as monodentate ligand and dichloromethane instead of chloroform was used as



solvent. Yield: 64% (0.050g). Anal. Calc. for C¢sHsoCl4N1;O3Ru,: C, 53.10; H,
4.04; N, 16.20. Found: C, 53.39; H, 3.98; N, 15.99. '"H-RMN (500 MHz, DCM-d,
208K, ppm): 8, 0.78(s, 6H, Ho), 1.15(s, 6H, Ho), 5.43 (s, 2H, Hy), 6.31(s, 2H, Hy),
6.46(t, Jou=Jrg=5.63 Hz, 2H, Hg), 6.62(t, Jcp=Jep=6.26 Hz, 2H, Hp), 6.98(d,
Jpe=6.26 Hz, 2H, Hg), 7.00(t, Jpc-=Jo:w-=5.82 H, 2H, Hg'), 7.04(s, 2H, Hy), 7.37 (d,
Jpo=5.82 Hz, 2H, Hy), 7.43 (d, Jy:r=8.26 H, 2H, Hy), 7.50(t, Jxx-=Jyk-’=8.26 Hz,
2H, Hy), 7.57(t, Jx;=Ji= 8.26 Hz, 2H, Hy), 7.66(t, Jzc=Jcp= 6.26 Hz, 2H, Hc),
7.68(t, Ju=Jeu= 5.63 Hz, 2H,Hy), 7.77(d, Ju= 5.63 Hz, 2H, Hy), 7.78 (d, J;k=8.26
Hz , 2H, Hy), 7,80 (dd, Jz1=8.26, Jow=5.82 Hz, 2H, Hy), 8.07 (d, J;x= 8.26 Hz,
2H, Hj), 8.13(d, Jgc= 6.26 Hz, 2H, Hp), 8.36(s, 1H, H, ), 9.39(d, Jr6=5.63 Hz, 2H,
Hg). MALDI(+)-MS (DCM): 1020 [M-NOs-2Lutidine]+

{[Ru(bid)(4-CF3z-py)]o(n-bpp)}(NQ3s) (5) This compound was prepared in a
similar manner of 2-4. The dark green solid was mixed in 20 mL of
dichloromethane with 0.54 mL of 4-trifluoromethyl pyridine and stirred at room
temperature during 30 min. Then the reacting mixture was heated to reflux during 3
h. Upon cooling to room temperature, 0.007g of AgNO; were added and the white
precipitate formed (AgCl) was filtered. The mother liquor solution was reduced to
8 mL and SPS dry hexane was added dropwise until the first precipitate appeared.
After 4 h at 4 °C the dark green solid obtained was filtered, washed with diethyl
ether and dried under vacuum. Yield: 68 % (0.050g). '"H-RMN (500 MHz, DCM-d,
298K, ppm): 3, 5.89(d, Jm=6.60 Hz, 4H, Hy)), 6.74(t, Jou= 8.57 Hz, 4H, Hg), 6.75
(t, Jep=Jpe= 7.97 Hz 2H, Hp), 7.11(d, Jgp= 7.97 Hz 2H, Hg), 7.20(d, J\1=6.60 Hz ,
4H, Hy), 7.59(dd, Jx= 5.85, J;x:=3.04 Hz, 4H, Hy), 7.65 (d, Ju=8.57 Hz , 4H, H)),
7.73(t, Jop=Jsc=7.97 Hz, 2H, Hc), 7.75(t, Jou=Ju=8.57 Hz, 4H, Hy), 8.03(dd, J)x=
5.85, Jix= 3.04 Hz, 4H, H)), 8.26(d, Jpc=7.97 Hz , 2H, Hp), 8.46(s, 1H, Ha).
MALDI(+)-MS (DCM): 1020 [M-NO;-2CF;-pyridine]+



{[Ru(bid)(Me-CN)]o(n-bpp)}(NO3)-CH,Cly (6). For the synthesis of this complex
differently from 1-5 the dark green solid was dissolved 0.054 g in 50 mL of
acetonitrile and heated at reflux for 4 h. The resulting solution was cooled to room
temperature and the volume reduced to 20 mL in the rotary evaporator. Then, 1 mL
of a 5M acetonitrile solution of NaNO; was added. Diethyl ether was then
introduced dropwise until the first precipitate appeared and the solution was left at
4°C overnight. The dark purple solid obtained was filtered, washed with diethyl
ether and dried under vacuum. Yield: 70% (0.052 g). Anal. Calc. for
Cs;H4sCLN,O3Ru,: C, 51.76; H, 3.62; N, 19.10. Found: C, 52.00; H, 3.21; N,
19.10. '"H-RMN (500MHz, DCM-d, 230 K, ppm): 8, 1.01 (s, 6H, Hp), 5.66(td, Jpc=
6.36, Ju=1.14 Hz, 2H ,Hg), 6.67(dd, Jpg-=7.50, Jy-p=1.56 Hz , 2H, HF”), 6.79(td,
Jer =Jon=7.50, Jgr=1.79 Hz, 2H, Hg), 6.82(t, Jcp=Jpr=5.92 Hz, 2H, Hp), 7.35(d,
Jpe=5.92 Hz, 2H, Hg), 7.49(td, Jgu= Ju =6.36, Jegy= 1.22 Hz, 2H, Hy), 7.56 (dd, Jiu
=6.36, Jg= 1.70 Hz, 2H, Hj), 7.66(dd, Jpc=7.00, Jcp= 5.92 Hz, 2H, Hc), 7.68(dd,
Jur=7.50, Jo1=1.79 Hz, 2H, Hy), 7.70 (dd, J;x= 4.08, J;x’= 2.92 Hz, 4H, H,, Hy),
7.75 (d, Jyr=Jow=7.50, Jpy= 1.56 Hz, 2H, Hy-), 7.96(d, Jsc=7.00 Hz, 2H, Hp),
8.00(s, 1H, Hy), 8.15(dt, Jjx= 4.08, Jxx-=Jix-= 2.92 Hz 2H, Hg, Hg:), 9.41(dd, Jpc=
6.36 , Jgy= 1.22 Hz ,2H, Hr). MALDI(+)-MS (MeOH):1020 [M-CI-2CH3CN]+

{[Ru(trpy)(py)l2(p—=bpp)}(PFe)3-CH2Cl,  (9) 100 mg of  complex
[Ru",(u—0,CMe)(trpy),(bpp)](PFs), were dissolved in 40mL of acetone/water (3:1)
and then 2 mL of a pH=1 water solution (triflic acid) were added. After the
addition of 0.15 mL of pyridine, the mixture was heated under reflux for 6 h. Upon
cooling to room temperature, the unreacted starting material was filtered and 1mL
of a saturated aqueous solution of KPFs was added to the solution. After
evaporation of the Acetone in a rotary evaporator a brown-black solid was obtained
which was recrystallized from Dichloromethane/Ether yielding small black crystals.
Yield: 65% (g). Anal. Calc. for CssH43CLFsN;PsRu,: C, 41.36; H, 2.76; N, 10.72.
Found: C, 41.51; H, 2.46; N, 10.77. '"H-RMN (400MHz, Acetone-ds, 298 K, ppm):



d, 6.28 (t, Jmi=Jun=5.45 Hz, 4H, Hyy), 6.98 ( t, Jog=Jcp= 7.77 Hz, 2H, Hp), 7.19 (4,
Jun=5.45 Hz, 2H, Hy), 7.36 (d, Jpg= 7.77 Hz, 2H, Hg), 7.72 (d, J»= 5.45 Hz, 4H,
Hy), 7.78 (t, Jre=Jou= 7.85 Hz, Hg), 7.90 (t, Jsgc=Jcp = 7.77 Hz, 2H, Hc), 8.16 (t,
Jou=Jm=7.85 Hz, 4H, Hy), 8.19 (t, J)x= 8.17 Hz, 2H, Hy), 8.32 (d, Jgc= 7.77 Hz,
2H, Hp), 8.59 (d, Ju=7.85 Hz, 4H, H)), 8.63 (d, J)x= 8.17 Hz, 4H, Hj), 8.67 (d, Jrc=
7.85 Hz, 4H, Hy), 8.71(s, 1H, Hy). BC-RMN (400MHz, Acetone-ds, 298 K, ppm):
J, 160.46 (Cr), 159.46 (Cyr), 156.65 (Cy), 155.77 (Cw), 154.77 (C,), 152.65 (Cy),
150.96 (C,), 139.53 (Cg), 138.60 (Ck), 137.91 (Cy), 136.54 (Cp), 129.98 (C)),
125.77 (Cg), 125.75 (Cg), 124.81 (Cp), 124.52 (Cy), 121.61 (Cc), 103.84 (C,).
MALDI(+)- MS: (MeOH):1339.2[M-PF]+

[-111 Crystal structure determination. —

Crystals of G61 H47 N16 Ru2, N 03, were grown from acetone, and used for low
temperature (100(2) K) X-ray structure determination. The measurement was
carried out on a BRUKER SMART APEX CCD diffractometer using graphite-
monochromated Mo Ko radiation (4 = 0.71073 A) from an x-Ray Tube. The
measurements were made in the range 1.89 to 28.62° for 0. Full-sphere data
collection was carried out with @ and ¢ scans. A total of 50710 reflections were
collected of which 8314 [R(int) = 0.0929] were unique. Programs used: data
collection, Smart'; data reduction, Saint+; absorption correction, SADABS’.
Structure solution and refinement was done using SHELXTL® Version 6.14
(Bruker AXS 2000-2003).

The structure was solved by direct methods and refined by full-matrix least-squares
methods on F?. The non-hydrogen atoms were refined anisotropically. The H-
atoms were placed in geometrically optimized positions and forced to ride on the
atom to which they are attached. Spurious electron density peaks non attribuitable
to any solvent molecule were removed using the SQUEEZE option in PLATON®.
Final R indices [[>2sigma(I)] R1 =0.0440, wR2 =0.1190

R indices (all data) R1=0.0509, wR2=0.1214
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Figure S2. 1D and 2D NMR spectra (500 MHz, CD2CI2) for complex 1 (a) 'H-
NMR(298K), (b) COSY(298K), (c) NOESY(298K) and (d) Variable Temperature
'H-NMR
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Figure S3. 1D and 2D NMR spectra (500 MHz, CD2CI2) for complex 2 (a) 1H-
NMR (298 K), (b) COSY (298 K), (c) NOESY (298 K) and (d) Variable

Temperature IH-NMR

(2)

1.28

(b)

o
©

©

~
S
o~

<
<

™
.
~

4.26
4.45

w

o~

TN . . 1, W S M\jf‘a

8
«

84 83 82 81 80 79 78 77 76 75 74 73 72 71 7.0 69 6.8 6.7 66 6.5 64 63 6.2 6.1 6.0 59 58

< (@
b
o~ e

Ja \LJM'\"!MAJ~M‘M"JU"

.,'J'Nw”vaM‘thNWV'\NW‘MHJ‘J'

‘JL ppm
(L] .

6.0

~6.5

7.0
" |
o
* L75
° F7-
° “
L
o [ 8.0
o »
[ L] |
o L85

84 82 80 78 76 74 72 7.0 68 6.6

12

64 62 6.0 58 ppm

= TS © =3 W = Y oW o
n o~ o =3 or = 1 ~ n o~ o «
<« ™ N o ~wwYn o ® r~ © ~
©® © © © ~~ s~ ~ © v v n

~
n
©

e

ppm



(©)

_JU‘\_/JL/LM)\MMWJ LMJ \,)H 2 i 2 jL ppm

6.5
-7.0

~7.5

8.0

JJVJ‘J,A/‘U‘)WLAMM .

0 | '

86 84 82 80 78 76 74 7.2 70 68 66 64 62 60 58 ppm

(d)

—_}vww 298 K

288 K

278 K

268 K \ A

258 K A

248 K _/AJ%

238 Kk N\JJ A

MJMMM
I G U PV U N N
MMWJ
B U N, N EY P
_—___A_J\_,\J\"J\«w 228 k ~ A
,__d,l\_/\m/‘w ML/\_
N A M
T 7. SO U WD
_JL___NJJ\__JW

218 K

208 K _ -JL/\_
198 K _»JL_/\_
188 K ._,.L_A

T T T T T T R e
9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 ppm 1.5 ppm




Figure S4. 1D and 2D NMR spectra (500 MHz, CD2C12) for complex 3 (a) 1H-
NMR (298 K), (b) COSY (298 K), (¢c) NOESY (298 K) and (d) Variable
Temperature IHNMR
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Figure S5. 1D and 2D NMR spectra (500 MHz, CD2CI2) for complex 4 (a) 1H-
NMR (208 K), (b) COSY (208 K), (c) NOESY(208 K) and (d) Variable
Temperature IHNMR

(@)

=3 T oY O MU NSNS O = 0T = = =
o VW nNMmMVUrONMVOMWVWOTOI™ N O o ] n [
[} M HHOPVLOVNNNNETEMMOOOD © e m - - ~
o o oo~~~V Y 0w v v n - o
J

9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 ppm 15 1.0 ppm
o D] ~o QIDVOF)“DO ~ins ~ n o -3 < g
S s ¥ |Ses@ees s S e @ & @
~ < lelnl <o cileileileile] oiles al el 1 - < “

(b)

f7s
)
8.5

fe0

6.0 5.5 ppm

16



(©)

T ‘
f
1N
J JIN “UJLJ JUUL ) ppm
= ¥ o¥ss
. L6.0
— ¢
—‘:J)O ; ﬂ‘ ‘,(7a 6.5
E_‘}. Ca ‘&' L’ o 70
::_D} bl '? .
o 8.0
I 0 é LTy
_) i
L85
\/\ 9.0
.iﬁo T T T . s \' T
90 85 80 75 70 65 60 55 ppm

SR AN e o A 268 K

| T, eI M 2 Ak A 298 K

| VR Y S| PV | ZBSK::1[:
A
/LL\L

| A\ A 7 S | 258 K

I AN N A A . 248 K

M A
JM‘ P N P AAA A 238 K /L“ J
M

A I A A A~ A 228 K
Lo e Ao M A L 218 K
S U |V W VAV YV VY R~ D S A 208 x
T T T T T ) T T T
9.5 9.0 8.5 8.0 75 7.0 6.5 6.0 Ppm 1.0 ppm

17



Figure S6. 1D and 2D NMR spectra (500 MHz, CD2CI2, under Ar atmosphere)
for complex 5 (a) IH-NMR (298K), (b) COSY(298K), (c) NOESY(298K) and (d)
Variable Temperature 1H-NMR. The 1H-NMR spectra shows 2-4% of a
decomposition product that we have not been able to eliminate, due to the fact that
d is very sensitive to oxidation and ligand decomposition. However the presence of
this impurity doesn’t interfere with the NMR dynamic characterization of 5.
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Figure S7. 1D and 2D NMR spectra (500 MHz, CD2CI2) for complex 6 (a) 1H-
NMR (230 K), (b) COSY (230 K), (c) NOESY (230 K), (d) 1H-13C correlation
(230 K) and (e) Variable Temperature 1H-NMR.
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Figure S8. 1D NMR spectra (500 MHz, Acetone-ds) for complex 7 (a) IH-NMR
(298K), (b) Variable Temperature 1H-NMR
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I1. Activation energy calculated from VT 'H-NMR
[1.1. Slow dynamic regime (complexes 2-6 and 9)

For systems undergoing an exchange process at slow rate, below and up to
coalescence, the relationship between the observed separation of the two peaks
(dvr) at a given temperature (T) and the rate constant can be calculated with the

following equation®:

y =T

g ﬁx(auoz —s02)” (S1)

dvy is the separation of the two exchanging peaks in the absence of exchange.

The evolution of the 'H-NMR resonances of H, and H - upon temperature decrease
(from 298 to 188 K) allowed to calculate rate constants at different temperatures
for complexes 2-6 and 9. By representation of the respective Eyring plots (Figures
S11-S16) the activation energies of the process was calculated as summarized in

table S3.

Table S3.

Complex a b R2 AG298K

2 -5692 30,7 0,987 7,2
3 -3749 22,0 0,998 8,5
4 -4611 23,4 0,994 9,4
5 -1966 14,3 0,976 9,6
6 -1231 11,2 0,999 10,4
9 -3377 20,6 0,996 8,6
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Figure S11. Eyring plot for complex 2
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Figure S12. Eyring plot for complex 3
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Figure S13. Eyring plot for complex 4
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6,4
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Figure S15. Eyring plot for complex 6
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Figure S16. Eyring plot for complex 9
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II1. Fast dynamic regime (complexes 1,7 and 8)

In the case of systems with a fast exchange process (at least 10-15 degrees over
coalescence) the rate constant at a given temperature can be obtained from the line

width at half height (hr) with the following equation.®’

2
K =" (ov,)" (S2)
2 (/77' - /700)
h,, is the width at half height due to spin-spin relaxation (usually taken to be equal
to the half width of the signal at the fast-exchange limit) .

Estimation of the maximum activation energy for complex 7. From 298K to
248K the peak with at half height (ht) remain the same when we follow the HNMR
resonances corresponding to the protons of the complex species affected by the
dynamic process as the doublet at 8.45 ppm (see Figure S8b) which corresponds to
Hr (Figure S1). Below 248 K to 218 K the peak widens by lowering the
temperature. If we follow ht of a resonance corresponding to a proton not affected
by the process such as the singlet at 8.58 ppm corresponding to H, (Figure S1) we
observe the same behaviour. Which means that, below 248K, the product is
precipitating causing the general loss of spectra resolution. All the values for hy of
the two mentioned protons are listed in Table S4.

From the experimental data summarized in table S4 we can assume that- since a
change of hr induced by the dynamic process is not observed- the widening due to
the dynamic process should be in the range, if not smaller, of the experimental

error (= 0.0001 Hz). Therefore, if we apply equation S2 introducing the = 0.0001
Hz as ( /i, — A,) and the value of dv, for {[Ru(trpy)(py)lo(1-bpp)} ™ (Table S5)

we obtain an estimation of the rate constant at 298 K. Equations S3 and S4 also
allows to estimate the maximum value for the activation energy of the process (See

table S6).
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kpT  acimr (S3)
h

k=x

kp= Boltzman constant= 3.2995 x 10->*calK"!
x= transmission coefficient (usually assumed to be 1)

h= Planck constant= 1.5836 x 103 cal s

AG g9 < (In(k/h)-In(kr /T))-RT (S4)
Table S4.
T(K) hyof He (Hz)  hy of Hy (H2)

29812.9344 1.1004
288 | 2.9345 1.1005
278 | 2.9345 1.1004
268 | 2.9344 1.1004
258 | 2.9344 1.1005
24812.9344 1.1004
23813.1178 1.2838
22813.3012 1.3652
21813.4846 1.4672
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Estimation of the maximum activation energy for complex 1. When studying
the low temperature HNMR of complex 1 we saw the same tendency described for

complex 7 (see Figure S2b). Therefore, the same procedure was carried out to

obtain a maximum activation energy using the value of ov, obtained for

{[Ru(bid)(py)]o(u-bpp)} " ( tables S5 and S6)

Table S5.
T(K) hrof He (Hz)  hyof Ha (Hz)
308 | 2.3431 1.5630
298 | 2.3431 1.5630
288 |2.3431 1.5629
278 (2.3432 1.5631
268 |2.3433 1.5630
25812.3486 1.5630
24812.3916 1.5883
238 |2.4259 1.6382
228 |2.4879 1.6910
2182.5317 1.7371
Table S6.
Complex ov,(Hz) |k s AG s081
0 298/(( ) (KCH//mO/)
1 575,6 5.14-10° <34
7 1095.,6 1.88-10™ <42

Activation energy for complex 8. When studying the low temperature 'H-NMR of
complex 8 we saw the inverse tendency of the described for complex 7; that is all
resonances widen as the temperature is decreased (see Figure S9b). This can be due
to the presence of a fast Ru-OH, proton exchange process with the solvent and thus

prevents to calculate the energy as done in the previous case. Since we have proved
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that the nature of the bond and the steric hindrance are the major factors governing
the dynamic process, we can assume that the activation energy for complex 8

should be at least lower than that of 7.
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V. Computational details

Density functional theory calculations were performed with the Gaussian 03 suite
of programs,!"! using the ONIOM method™ *! at the ONIOM(B3LYP:UFF) level of
theory.*®"  The SDD basis set and ECP was used to describe Ru'” while 6-

31G(d)™* was used for all remaining atoms. The ONIOM partitioning is shown in

Figure 1] H atoms were used to cap the bonds which cross the partition between

the high and low levels. This partition was chosen as part of a more general study
of the system which includes Ru-L dissociation processes. Minima were confirmed

through frequency calculations. Reported energies include free energy corrections.

191 with

Solvent effects for the model system were calculated using the PCM model
UAHF radii, through single point HF calculations on the ONIOM optimized

geometries. Calculations were carried out using the experimental solvent, DCM.

Figure 1 ONIOM partitioning for [Rux(bpp)(BID)(py)2]" ° The DFT region is shown
using the ball and stick representation and ow evel by wire frame.
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V1. Coordinates for optimised structures

Complex 2: L = Pyridine

Enantiomer

[

oXololoXoXo o loRo o RoRo Ko RN

2.107321 -1.086657 4.882442
-0.650452 -3.92503 0.741522
1.247767 -0.136729 4.316206
3.104853 -1.607615 4.086540
-0.427510  -2.893904 1.651040
-1.324916 -3.658443 -0.448405
-2.789448 0.784879 4.925378
-3.548723 -0.173537 4.269799
1.407437 0.187313 2.982155
-5.843023 -2.301777 0.621593
-2.067656 1.703289 4.181340
3.250875 -1.204871 2.735083
-0.906284 -1.614754 1.362900
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-3.573579
-1.777638
6.044941
2.341082
2.033645
-4.860152
2.189624
-1.569659
4.809449
-2.087557
-2.801076
-5.957695
6.193406
1.437100
-4.394626
1.808016
-5.020507
4.282097
-2.605510
2.448279
1.014205
4.375748
1.224628
4.796804
3.112467
5.048210
0.412025
-3.587889
-0.868088
2.211860
3.877859
-2.546013
-3.549868
0.840704
2.570939
-3.550789
-1.229056
-4.891671
3.866215
2.800510
-0.153349
-2.660484
-1.465522
-2.460356
-5.388196
-1.402154
1.969832
4.010980
-3.120740

-0.219185
-2.362008
-1.981472
-0.356914
-3.871409
-1.325003
-2.698980
-1.361443
-1.386828
1.626067
0.658657
-2.169779
-1.483120
-3.814320
-0.561578
-1.485564
-1.134072
-0.517647
0.501649
0.337447
-2.571619
2.352411
-1.444833
3.570414
2.135340
-0.585246
1.588576
-0.163108
1.752144
3.146725
4.615198
0.350946
-0.092597
2.870478
4.396707
2.374035
3.063028
2.567051
0.848318
1.194002
3.827821
3.402704
0.884355
0.477206
3.864874
0.956022
2.154225
1.406238
4.716765

2.869286
-0.703867
0.397339
2.157015
-1.133017
1.070858
-0.399290
0.200535
0.941446
2.789985
2.131840
-0.743091
-0.899041
-2.390808
-0.026377
-0.856590
-1.161664
0.004613
-0.024708
0.120721
-2.860734
1.359395
-2.074623
1.880216
0.942253
-1.142237
0.415148
-2.935652
-0.032625
1.042243
1.981347
-2.187056
-4.335294
0.597850
1.557914
-0.247429
-0.113990
-0.360744
-2.634420
-1.840048
0.274822
-0.282654
-2.834447
-4.978841
-0.510430
-4.224541
-2.328463
-3.931937
-0.421262
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-4.495896
3.125356
2.078326
5.052740
5.826920
4.170650
1.826810
-0.079394
-2.430811
-4.870461
-6.453148
-5.572578
1.177107
1.354964
3.245365
4.861759
3.834692
2.006084
0.462818
0.748577
-1.508588
-1.482977
-2.776457
-4.141453
-4.356065
-2.426220
-0.534803
-0.628558
0.953524
2.636880
0.538371
2.372024
1.300154
-0.798790
-2.329338
0.092049
-1.502880
-0.294215
4.359304
4.867683
6.960757
7.264214
6.834947
7.368702
8.043634
8.193040
8.781653
9.044292
-4.655924

4.942435
2.344632
2.744461
1.514327
3.688939
5.578598
5.180981
4.902928
5.550615
5.951621
4.034908
1.729149
2.464629
3.495409
2.768672
1.064613
-2.314898
-1.389631
0.339521
0.903369
2.350937
2.467311
0.826856
-0.870197
-0.510956
0.523866
1.383939
1.257021
-0.464010
-2.723730
-2.462573
-4.810614
-4.712321
-0.841729
-2.176243
-3.086233
-4.450204
-4.924650
-1.716917
-0.015573
-2.873690
-1.856478
-3.256618
-1.465581
-3.253985
-2.753067
-3.948611
-3.068160
-0.943635

-0.539621
-4.413953
-3.573076
1.251704
2.198412
2.386346
1.639645
0.320691
-0.439817
-0.651699
-0.601095
-0.334484
-1.669362
-3.872129
-5.406226
-4.509140
4.462045
5.920090
4.893001
2.515133
2.264810
4.677655
6.006822
4.850071
-4.925610
-6.059653
-4.710875
-2.292639
-2.435291
0.584796
-3.829687
-0.708531
-2.985139
2.097998
-1.608898
2.580917
-1.164383
0.953484
2.115955
-2.294702
0.942772
-1.702612
1.950378
-2.709515
0.141089
-1.160982
0.531768
-1.757556
-2.384814
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-4.472855
-6.791813
-6.571582
-7.544374
-7.435782
-6.856912
-8.205467
-8.015732
-6.472318

TIZTTZTOOO00Z

Transition State

—_—
—_—

2.537216
-0.851888
1.404821
3.686157
-0.613077
-1.485183
-2.892582
-3.593216
1.489285
-5.815418
-2.230366
3.723226
-1.049063
-3.631336
-1.921829
6.575283
2.608290
2.758983
-4.934069
2.653943
-1.732730
5.238618
-2.238929
-2.911286
-5.982475
6.578825
2.415028
-4.597201
2.221599
-5.181730
4.485836
-2.833278
u 2.565275
1.944938
4.364118
1.854217

ZOozZaooozaoozooozoooooaoooaoooaoaoooan

c

OEOROR~ A~

-1.176870
-3.001818
-3.257899
-3.970268
-4.096801
-2.908240
-4.627469
-4.848978
-3.355946

0.091433
-3.914365
0.431356
-0.255121
-3.069156
-3.416092
0.084608
-0.826368
0.406393
-2.558468
1.133475
-0.269050
-1.744644
-0.682505
-2.089872
-1.142331
0.064366
-4.200179
-1.555196
-2.825167
-1.284387
-0.717030
1.228534
0.321873
-2.238408
-1.036230
-4.750007
-0.567611
-1.979149
-1.050259
-0.382058
0.547533
0.160614
-3.890954
2.595050
-2.529267

2.293531
-1.488831
1.327679
-0.800503
0.601583
-2.565033
-1.350221
1.120268
2.400867

4.950982
0.008342
4.198982
4.273731
1.089265
-1.127957
5.055911
4.278729
2.819670
0.399316
4.439496
2.856932
1.030919
2.885479
-1.141468
0.611010
2.128089
0.567803
0.977892
0.751509
-0.056421
1.069465
3.048741
2.270785
-0.924025
-0.783881
-0.665186
0.013643
-0.210368
-1.187571
-0.038713
0.115867
-0.001237
-1.657285
0.109895
-1.389777
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4.795389
3.063162
5.243046
0.211643
-3.936900
-1.126354
2.125590
3.840397
-2.914736
-4.033387
0.693221
2.501558
-3.810898
-1.487362
-5.156725
3.715543
2.601149
-0.341756
-2.929403
-2.021821
-3.129112
-5.669323
-2.118327
1.442939
3.652451
-3.404880
-4.786761
2.470014
1.324583
5.078588
5.858421
4.127665
1.740909
-0.254462
-2.722380
-5.174153
-6.738771
-5.826778
0.592754
0.363497
2.423607
4.570376
4.599830
2.511297
0.476946
0.642028
-1.699308
-1.700150
-2.880904

3.912784
2.225114
-0.550580
1.603349
0.331944
1.794212
3.208996
4.924024
0.838609
0.678596
2.877472
4.560876
2.404083
3.100412
2.585916
0.100356
0.309061
3.849164
3.439693
1.707660
1.565120
3.880901
2.087328
0.623638
0.273711
4.749854
4.965173
0.607609
0.772688
1.786917
4.127371
5.969610
5.328704
4.921446
5.587901
5.971657
4.043938
1.740703
0.732485
1.003423
0.726015
0.108411
-0.531430
0.100175
0.712817
0.678385
2.046488
1.866471
-0.010888

0.070737
0.098313
-1.180314
0.109777
-2.822442
0.271420
0.071627
0.006315
-2.040593
-4.177146
0.135450
0.010006
0.316777
0.335432
0.352746
-2.886554
-2.116630
0.269716
0.391912
-2.615189
-4.739595
0.471736
-3.953022
-2.754530
-4.293111
0.507423
0.548535
-4.916374
-4.122934
0.146547
0.083104
-0.041660
-0.037815
0.321130
0.566373
0.639212
0.502079
0.288387
-2.096238
-4.564704
-5.994633
-4.844551
4.786324
6.036347
4.678991
2.206349
2.619951
5.033977
6.133977
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-4.141065
-4.816522
-3.209712
-1.407923
-1.224369
1.486300
2.926758
1.642065
3.116595
2.500197
-0.889306
-2.454962
-0.104351
-1.659365
-0.527166
4.924592
4.931502
7.697540
7.704468
7.686179
7.697743
8.834536
8.837986
9.730394
9.736412
-4.870271
-4.480153
-6.729333
-6.398109
-7.339666
-7.175543
-6.833310
-7.930877
-7.643054
-6.252652

TITCZTOQQQZZIOIIOQOIIOQZZIOIIOIII I I T T T DT TD T T

-1.626681
0.256141
1.842298
2.786900
2.148544

-1.847871

-2.377103

-4.261527

-4.818227

-5.817202

-1.108262

-1.732472

-3.438599

-4.057914

-4.946068

-0.660978

-0.315955

-1.572677

-1.357262

-1.647966

-1.269472

-1.901700

-1.795563

-2.243974

-2.057471

-0.654800

-1.598916

-3.045354

-3.696023

-4.192720

-4.516217

-2.799688

-4.836261

-5.405444

-3.944410

Complex 3: L = 4-Me-py

Enantiomer

2.010828
-0.632547
1.192966
2.998801
-0.423377
-1.302498

nonoaaa”

-0.400114
-3.655662
0.521678
-1.027690
-2.504516
-3.545584

4.761161
-4.795078
-5.782769
-4.374929
-2.060973
-2.143988

1.695989
-2.630907

1.384484
-0.844809

1.885042
-2.003607

1.970177
-1.981714

0.042245

2.329095
-2.419747

1.308857
-1.533172

2.391412
-2.614784
0.560874
-0.837842

1.070777
-1.389159
-2.374303

2.185667
-1.782049

0.956943
-1.244485

0.119926
-2.830883
-1.882815

0.522225

2.000183

4.986825
1.255478
4.321337
4.258388
2.019245
0.031622
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-2.832546
-3.579158
1.375278
-5.811225
-2.113218
3.174724
-0.906951
-3.593951
-1.758526
6.006363
2.294868
2.000803
-4.857870
2.172556
-1.564313
4.761427
-2.123386
-2.824511
-5.908819
6.183784
1.366042
-4.396091
1.780151
-4.990637
4.256905
-2.613907
2.426149
0.943733
4.334235
1.173709
4.746743
3.078153
5.044905
0.392031
-3.553113
-0.884433
2.176008
3.826972
-2.540320
-3.503575
0.810999
2.527055
-3.569514
-1.253259
-4.910366
3.884511
2.803575
-0.186096
-2.685755

1.521476
0.482488
0.707547
-2.124305
2.346649
-0.758491
-1.278825
0.263444
-2.295933
-1.775272
0.051716
-3.797214
-1.072225
-2.569483
-1.184695
-1.128563
2.097430
1.049597
-2.180050
-1.406369
-3.875117
-0.446357
-1.397496
-1.186491
-0.354688
0.626634
0.513628
-2.660897
2.659444
-1.469865
3.930630
2.393387
-0.538206
1.779344
-0.438352
1.878768
3.408373
4.978984
0.214524
-0.559583
3.076770
4.710676
2.450218
3.168649
2.616990
0.719879
1.142139
3.982032
3.474362

4.786367
4.250251
2.963801
0.889913
3.938301
2.877748
1.560335
2.866052
-0.394215
0.682596
2207226
-0.758342
1.213835
-0.130915
0.372285
1.139389
2.567127
2.029294
-0.480219
-0.652803
-2.003141
0.029837
-0.678346
-1.023500
0.110845
-0.091085
0.106176
-2.557461
1.138812
-1.882941
1.520926
0.728141
-1.007868
0.235725
-2.899216
-0.239482
0.695551
1.483070
-2.221651
-4.295067
0.270032
1.066575
-0.547825
-0.478388
-0.696237
-2.666420
-1.932512
-0.172950
-0.698395
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-1.489760
-2.437733
-5.414356
-1.416915
1.969862
4.045357
-3.153779
-4.529294
3.157395
2.091421
5.012318
5.771220
4.113641
1.781959
-0.119970
-2.469499
-4.909766
-6.479475
-5.585239
1.164404
1.364268
3.289356
4.908761
3.701846
1.887782
0.421158
0.741966
-1.546436
-1.537888
-2.826996
-4.169223
-4.284907
-2.395672
-0.571478
-0.683437
0.897539
2.644694
0.446471
2.358462
-0.809742
-2.301167
0.087528
-1.481311
4.284672
4.885739
6.908477
7.270361
6.760321
7.396968

0.723110
-0.029550
3.883411
0.608071
2.028650
1.130275
4.758461
4.957009
1.996555
2.474819
1.815021
4.087135
5.983562
5.497945
5.055709
5.589599
5.942367
4.032640
1.782291
2.400943
3.176924
2.307053
0.735748
-1.716917
-0.599001
1.079898
1.393508
2.756932
3.171317
1.697093
-0.142959
-1.090284
-0.128696
1.016933
1.223175
-0.526351
-2.514842
-2.631755
-4.694216
-0.414790
-2.233488
-2.558198
-4.417827
-1.343840
-0.092406
-2.609943
-1.856965
-2.892451
-1.566416

-2.936686
-5.007401
-1.005240
-4.323406
-2.539628
-4.016193
-0.997902
-1.155087
-4.614987
-3.841576
1.142529
1.840959
1.777229
1.043867
-0.252720
-1.110275
-1.390936
-1.125679
-0.576179
-1.930499
-4.235227
-5.646987
-4.538266
4.710744
6.047048
4.839472
2421848
1.960907
4.339345
5.854347
4.909062
-4.825516
-6.084386
-4.862038
-2.455438
-2.329281
0.840493
-3.522459
-0.262047
2.187102
-1.320774
2.972892
-0.584382
2.330141
-2.216793
1.332141
-1.392899
2.369438
-2.430767
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8.007543
8.185740
8.735658
9.048991
-4.606868
-4.476239
-6.708086
-6.522364
-7.444191
-7.352708
-6.758621
-8.078420
-7.918767
-6.434751
1.120308
-0.141110
-0.644493
-0.349769
0.955045
0.189267
1.927646
1.024055

OTCZITCZTDIDOQOODIDTZITIOO0O00ZZIOT OO

Transition State

—_—
—_

2.497746
-0.937956
1.341979
3.667518
-1.588475
-0.612058
-3.233616
-4.112188
1.438537
-5.954874
-2.224184
3.707756
-1.965903
-3.991083
-1.011083
6.543246
2.583373
1.872028
-5.192325
1.727059
-1.724748
5.212059
-2.101104

OOQzoaoaozooooaoooaoaonoaoaooaoaaan

-3.066840
-2.696104
-3.719640
-3.067892
-1.163344
-0.769964
-3.129030
-2.998928
-4.017948
-3.952328
-3.183310
-4.762182
-4.645223
-2.950355
-5.193413
-4.982420
-5.230569
-5.792698
-4.935555
-5.645416
-5.904219
-5.073887

-0.704988
3.813294
-0.894999
-0.378570
3.396409
2.861773
-1.370708
-0.503162
-0.774864
2.245713
-1.961060
-0.239579
2.059708
-0.243159
1.534904
0.838351
-0.469927
3.669758
1.053113
2.319241
1.162135
0.362556
-1.665223

0.595077
-0.746357
1.067872
-1.290789
-2.254902
2.409346
-1.116683
1.710338
-0.312947
1.094470
-2.196362
-0.776642
1.703256
2.787916
-2.686322
1.752229
2.710120
1.021551
1.922212
-2.319998
-2.485084
-3.769436

-4.925730
0.299983
-4.153764
-4.275654
-0.864365
1.272848
-4.834627
-4.205881
-2.780855
-0.753145
-4.095947
-2.864370
-1.001062
-2.833928
1.097014
-0.698718
-2.115800
-1.599420
-1.098020
-1.308771
-0.003264
-1.121579
-2.739108
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-2.966662
-5.749862
6.522823
2.483397
-4.596332
2.163532
-4.886148
4.440466
-2.852161
2.515731
2.862154
4.307130
2.694493
4.725764
3.010484
5.180606
0.179704
-3.579814
-1.167919
2.064204
3.762577
-2.901032
-3.525238
0.636076
2.427387
-3.863054
-1.553814
-5.211870
3.646660
2.544712
-0.420317
-3.001897
-2.261651
-2.857431
-5.749081
-2.243841
1.431663
3.597348
-3.502300
-4.887693
2.452076
1.337345
5.026931
5.785720
4.041110
1.660891
-0.354571
-2.836192
-5.294186

-0.813539
2.490641
0.912612
4.528409
0.490699
1.755694
1.434021
0.164269
-0.661096
-0.381168
3.955608
-2.824095
2.594961
-4.145657
-2.442550
0.477270
-1.777755
0.417577
-1.949817
-3.415347
-5.146028
-0.570225
0.471345
-3.062314
-4.770085
-2.508840
-3.249882
-2.666893
-0.007209
-0.343537
-4.017702
-3.564082
-1.551664
-0.515504
-3.956767
-1.549203
-0.732779
-0.046213
-4.869597
-5.060524
-0.433622
-0.790601
-2.022357
-4.372173
-6.193694
-5.529819
-5.092757
-5.722753
-6.063142

-2.100436
0.580713
0.697475
-0.678537
0.062749
-0.161144
1.085451
0.005861
0.067978
0.007016
0.541318
0.103963
0.757053
0.055262
0.061990
1.128955
0.036008
2.916695
0.122465
-0.010248
-0.049859
2.232673
4315718
0.011474
-0.079343
0.159246
0.112167
0.197250
2.889764
2.142925
0.052656
0.154050
2.944220
5.026489
0.235774
4.338021
2.818582
4.305598
0.189747
0.231473
4.965936
4.196433
0.173382
0.093374
-0.103527
-0.156368
0.050794
0.186916
0.260211
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-6.821236
-5.865640
0.597872
0.415979
2416614
4.501018
4.593580
2.469106
0.389770
0.579430
-1.310165
-1.538798
-3.334882
-4.895819
-4.039438
-2.835601
-1.741182
-1.758437
3.009111
1.263121
3.308012
1.509415
-2.517191
-0.819426
-1.838529
-0.095337
4.917070
4.851443
7.677716
7.636206
7.683902
7.611378
8.802605
8.782117
9.707816
9.671791
-4.409258
-4.902473
-6.284261
-6.692553
-7.052775
-7.255251
-6.108346
-7.483149
-7.838427
-6.824576
2.725130
-0.638669
2.514612

-4.100790
-1.806645
-1.015710
-1.110924
-0.464348
0.239247
-0.195918
-0.799410
-1.124055
-0.902935
-2.160240
-2.652663
-1.583023
-0.029656
1.258659
-0.490766
-2.340604
-2.360596
2.149553
1.655010
4.560361
4.044477
1.769380
0.826571
4.107829
3.148811
0.163880
0.402203
1.176473
1.327184
1.113047
1.377627
1.598630
1.673018
1.872545
2.003250
1.398810
0.727338
3.614498
3.120008
4.500997
4.255290
3.803412
5.381733
4.949713
2.934366
5.983801
5.267752
6.610339

0.266765
0.196076
2.192236
4.663613
6.050630
4.830692
-4.807635
-6.006980
-4.614728
-2.139123
-2.221987
-4.568990
-5.891139
-4.784956
4.853386
6.108329
4.879225
2.458216
1.689937
-2.025540
1.325260
-2.551757
-1.876511
1.885056
-1.641737
2.180146
-2.370780
2.383427
-1.427034
1.418857
-2.510360
2.502637
-0.708234
0.692529
-1.242410
1.220922
2.284830
-2.311245
1.209856
-1.551095
0.434567
-0.940834
2.260842
0.893058
-1.531439
-2.609072
-0.978133
0.508951
-0.105100
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2.108151
3.775452
-0.019481
-1.591007
-0.095928

6.331791 -1.811395
6.148490 -1.250266
5.429547 1.416891
5.826581 0.623176
5.673371 -0.368522

Complex 4: L = 3,5-(Me),-py

Enantiomer

—_—
—_—
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c

u
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2.350009
-0.803440
1.414800
3.300205
-0.479761
-1.493512
-2.672808
-3.415991
1.468322
-5.761457
-2.006365
3.340126
-0.874309
-3.478677
-1.853047
5.983636
2.376999
1.960449
-4.795541
2.126089
-1.561497
4.798387
-2.059074
-2.753347
-5.923071
6.079082
1.341422
-4.386058
1.743746
-5.029195
4.250621

0.240345 5.021133
-3.622379 1.327647
0.997019 4.303411
-0.455382 4.305261
-2.473623 2.053489
-3.512865 0.118830
1.612009 4.806044
0.554915 4.300147
0.977837 2.922474
-2.050918 1.010884
2.453238 3.930083
-0.398675 2.888835
-1.223261 1.555670
0.333744 2.917829
-2.240050 -0.341928
-1.730265 0.626655
0.280923 2.188285
-3.768281 -0.452185
-1.002474 1.308191
-2.484132 0.068235
-1.122936 0.384099
-0.988749 1.098601
2.198612 2.560901
1.131976 2.054057
-2.083721 -0.354723
-1.500625 -0.747764
-3.883555 -1.700825
-0.361662 0.113328
-1.363056 -0.579652
-1.082592 -0.924889
-0.297471 0.034443

-2.602227 0.697814 -0.065187

2.424803
0.885611
4.395258
1.129312

0.586616 0.050027
-2.746514 -2.370989
2.769313 0.867902
-1.511077 -1.769755
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4.826015
3.118649
4.954117
0.417078
-3.636822
-0.874304
2.215594
3.903255
-2.584364
-3.624026
0.835233
2.583414
-3.566692
-1.249713
-4.911477
3.756727
2.736155
-0.175363
-2.686645
-1.521850
-2.551032
-5.422390
-1.484949
1.925818
3.871901
-3.160978
-4.540228
3.006228
2.009734
5.072515
5.866263
4.203661
1.837550
-0.112802
-2.478827
-4.925719
-6.490544
-5.584736
1.169532
1.306131
3.104565
4.685513
4.071379
2.334423
0.649742
0.749138
-1.522384
-1.438453
-2.632152

4.052668
2490512
-0.617136
1.859933
-0.348454
1.947724
3.503960
5.098964
0.265858
-0.470489
3.158627
4.817829
2.519664
3.232679
2.688524
0.568527
1.088081
4.052779
3.538247
0.716116
0.012108
3.951084
0.598565
1.991034
0.895101
4.818759
5.019136
1.781046
2.362470
1.924207
4.220080
6.112502
5.604607
5.124378
5.645953
6.001607
4.101470
1.858638
2.437626
3.086158
2.029598
0.424698
-1.044122
0.208155
1.580867
1.537449
2.869226
3.293894
1.790990

1.183478
0.537373
-1.109423
0.165554
-2.841476
-0.272260
0.515341
1.162501
-2.189767
-4.237945
0.156778
0.824496
-0.512973
-0.528175
-0.619889
-2.791996
-2.034477
-0.273795
-0.709498
-2.924661
-4.973767
-0.933140
-4.312526
-2.648632
-4.168795
-1.015197
-1.130403
-4.771853
-3.976895
0.863600
1.441062
1.408284
0.814162
-0.379534
-1.163644
-1.370123
-1.020829
-0.464047
-2.025710
-4.374230
-5.824212
-4.707758
4.787385
6.106237
4.802530
2.344996
1.928342
4.307767
5.872694
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-3.969502 -0.080075 4.981117
-4.436514 -0.971453 -4.750095
-2.535985 -0.090622 -6.051098
-0.630759 0.961748 -4.869474
-0.678922 1.167175 -2.455600
0.856348 -0.596427 -2.275642
2.591528 -2.343485 1.034787
1.198380 -4.866456 -2.144569
-0.694275 -0.338794 2.138386
-2.421786 -2.155022 -1.250439
-0.523975 -4.599055 1.705272
4.405689 -1.056870 2.335912
4.736800 -0.268894 -2.341415
6.899864 -2.534545 1.294530
7.094608 -2.065715 -1.509994
6.817017 -2.706570 2.362880
7.159266 -1.881069 -2.577415
7.926353 -3.108122 0.534681
8.022158 -2.877420 -0.846016
8.662458 -3.742143 1.020522
8.830809 -3.336717 -1.407253
-4.686451 -1.055215 -2.169029
-4.368497 -0.707395 2.490942
-6.744162 -3.028532 -0.969122
-6.429135 -2.943316 1.848316
-7.437607 -3.934813 -0.147124
-7.281974 -3.891374 1.255484
-6.842138 -3.067392 -2.046196
-8.087583 -4.676062 -0.593458
-7.815169 -4.597995 1.877999
-6.290861 -2.913037 2.921236
0.138136 -2.825442 -3.679014
-0.939216 -2.945879 -3.506005
0.275995 -1.918371 -4.275843
0.469886 -3.679311 -4.277350
2431379 -4.977258 0.316671
1.630936 -5.719325 0.412091
3.270647 -5.465737 -0.192535
2.763115 -4.706070 1.323030
-1.884523 -4.748118 -0.637484
-0.983212 -5.353824 -0.864423
-2.578653 -5.355922 -0.020032
-2.390341 -4.497160 -1.594110
0.238987 -2.598343 3.363008
1.247698 -3.030941 3.195861
0.350760 -1.613965 3.859404
-0.334439 -3.263404 4.042330

T IO IOICZIOIICDIDIOIIIDIOITI I IO ZZIIOQOITIOQOZZIOII T T T IO T T T T T

Transition State
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-2.590863 -1.084368
0.914237 3.712351
-1.405273 -1.179138
-3.751696 -0.758174
0.733568 2.809696
1.473936 3.273105
2.983899 -0.615647
3.671509 0.348707
-1.455841 -0.961914
5.768418 2.413544
2.319334 -1.624332
-3.749759 -0.524362
1.122284 1.477789
3.694385 0.298561
1.873012 1.936709
-6.564374 0.587893
-2.588829 -0.649112
-2.879231 3.757720
4.941471 1.335722
-2.687622 2.376774
1.733901 1.073927
-5.225889 0.146335
2.317214 -1.629457
2.976982 -0.669480
5.907957 2.203303
-6.502974 0.752319
-2.583344 4.504567
4.612038 0.410418
-2.211682 1.734870
5.145990 1.007686
-4.411985 0.066358

4.846704
0.350919
4.105096
4.179004
1.404141
-0.854147
5.067430
4.345184
2.741199
0.561789
4.389718
2.780906
1.226769
2.945163
-0.968476
0.590812
2.058663
1.245111
1.083041
1.176326
0.076982
1.029891
2.995554
2.272165
-0.785631
-0.797714
0.103263
0.055118
0.089106
-1.118892
-0.081458

2.870372 -0.745687 0.106641
-2.482944 -0.432873 -0.055655

-2.088429 3.873772
-4.248587 -2.871561
-1.900403 2.491553
-4.650970 -4.178593
-2.960544 -2.495540
-5.128105 0.407973
-0.143041 -1.846865
3.917256 -0.296286
1.186592 -2.025879
-2.010920 -3.465802
-3.679106 -5.172986
2.927818 -0.892488
3.999370 -0.540337
-0.597271 -3.125350

-1.040684
-0.465544
-0.984987
-0.698675
-0.294660
-1.209764
-0.036381
-2.827378

0.200634

-0.344750
-0.772308
-2.067238
-4.205281

-0.135141
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-2.353843
3.882992
1.571949
5.232028

-3.506153

-2.426929
0.447749
3.020167
2.056417
3.113252
5.768107
2.136075

-1.229698

-3.366409
3.519255
4.905088

-2.144464

-1.036628

-4.978803

-5.705855

-3.943068

-1.576992
0.378959
2.851816
5.310668
6.840481
5.886393

-0.411223

-0.047473

-2.040140

-4.258738

-4.701986

-2.594793

-0.462450

-0.566010
1.776299
1.797557
2.981693
4.215917
4.755072
3.180253
1.434597
1.282684

-1.497641

-2.925386

-2.738168
1.000822
2.353048
0.631593

-4.804577
-2.592141
-3.328659
-2.751573
0.113859
-0.227892
-4.088231
-3.645421
-1.751190
-1.412782
-4.042097
-2.025639
-0.394416
0.223374
-4.951628
-5.144536
0.039791
-0.263457
-2.079504
-4.397114
-6.208036
-5.555368
-5.162376
-5.803639
-6.147672
-4.187683
-1.891949
-0.619852
-0.386769
0.139523
0.479622
-0.651753
-1.255278
-1.419867
-1.041682
-2.420119
-2.396818
-0.590696
1.121750
-0.046115
-1.607155
-2.709216
-2.256163
1.969183
1.758023
5.581554
0.787472
1.614991
4.751175

-0.592812
0.174702
0.173228
0.182160
-2.929712
-2.157542
-0.014934
0.200588
-2.689060
-4.816452
0.214856
-4.053322
-2.779233
-4.337253
0.226824
0.236386
-4.947398
-4.140953
-0.410834
-0.824055
-0.964727
-0.652609
-0.057363
0.241668
0.259210
0.221051
0.161004
-2.109843
-4.564936
-6.023542
-4.895999
4.688544
5.918906
4.579046
2.133116
2.519853
4.939935
6.149490
4.873758
-4.803829
-5.879106
-4.514643
-2.158242
-1.841507
2.029599
0.103785
2.045250
-1.874917
0.471879
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-4.754518
-7.737144
-7.612285
-7.775631
-7.555455
-8.858232
-8.796662
-9.792418
-9.684115

4.821024

4.508235

6.667857
7.702183
7.463870
6.186523
-1.793508
-2.718251
-1.139010
-1.314239
-3.394787
-2.662002
-4.315914
-3.609343

1.189151
1.362301
2.807372

CITICZOIDICZTIZIQOEDNIIZDQODITZQODEDNDTZIOQOO0OQZZZZTOQOIDIZOOQZZ

0.410221
0.824803
1.159028
0.691456
1.280275
1.238418
1.403123
1.434272
1.724158
0.691119
1.281758

6.588557 3.108514
6.313727 3.533455
7.162537 4.239823
7.026541 4.450940

2.949792
4.958115
5.329370
3.696759
4.644182
5.038484
5.499953
4.013266
4.401580
5.106884
4.963814
3.655782

1.718758 4.222338

3.864395
5.246096
4.271105

Complex5: L = 4-CFs-py

Enantiomer

11

C 1.837633
C -0.576911
C 1.047780
C 2.835805
C -0.431692

-0.339863
3.151560
-1.238526
0.332396
1.928888

-4.959717 -0.135359 2.270610

-2.455215
1.297885
-1.529502
2.374230
-2.606444
0.567942
-0.823658
1.086303
-1.361367
-2.325290
2.297766
-1.599702
1.188801
-0.992697
0.396521
-2.667277
-1.595990
0.852845
2.251044
-2.303158
-2.741122
-2.105894
-3.057154
2.507943
2.917186
2.317386
3.278813
-1.988703
-2.896017
-1.748041
-2.203016

0.216294 3.263934 2.737358
-0.105079 4.326576 2.708362
-0.646867 2.638786 3.045015
1.017493 3.157077 3.498545

-5.028271
-1.584812
-4.300312
-4.355136
-2.248602
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-1.220697
-3.024561
-3.739574
1.262055
-5.796684
-2.293794
3.048243
-0.944206
-3.712095
-1.707099
5.958318
2.189868
1.994511
-4.898071
2.166118
-1.572186
4.687547
-2.263334
-2.934550
-5.838350
6.176697
1.345774
-4.418857
1.758188
-4.941676
4.203946
-2.664753
2.357416
0.899994
4.192849
1.135569
4.569187
2.954503
5.033638
0.302628
-3.475741
-0.966673
2.032512
3.630198
-2.534084
-3.378509
0.685445
2.347220
-3.659292
-1.366443
-4.999653
3.892142
2.771470
-0.327789

3.166572
-2.230408
-1.137423
-1.354524

1.824815
-2.992961

0.129972

0.765597
-0.802580

1.974261

1.208113
-0.650382

3.369497

0.705893
2.113368

0.795337
0.566525
-2.630317
-1.529966

2.024594
0.891633
3.470277

0.178428

0.970608

1.051527
-0.151250

-0.938555

-0.982059
2.299600
-3.235063

1.085725
-4.540497
-2.912888
0.065243
-2.197332

0.433959
-2.224172
-3.901637
-5.562380
-0.362194

0.697773
-3.505227
-5.235560
-2.690862
-3.482912
-2.804096
-1.071763
-1.492314
-4.346874

-0.338664
-4.614743
-4.148290
-2.939524
-0.983276
-3.719742
-2.968669
-1.674380
-2.787566
0.203624
-0.909842
-2.238381
0.556854
-1.228575
-0.017899
-0.467891
-1.296077
-2.374392
-1.906643
0.374983
0.433153
1.784056
-0.002983
0.575178
0.985895
-0.217079
0.168588
-0.116247
2.397891
-1.049836
1.769349
-1.344529
-0.627066
0.865580
-0.121850
2.887430
0.381423
-0.494646
-1.201817
2.261666
4.261000
-0.067577
-0.773926
0.789914
0.719557
0.984801
2.623448
1.950587
0.457014
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-2.801508
-1.531685
-2.347652
-5.531409
-1.414880
1.920313
4.084340
-3.298164
-4.674058
3.182258
2.067978
4.885947
5.580799
3.889049
1.587657
-0.290110
-2.635379
-5.076315
-6.596626
-5.652641
1.078747
1.324509
3.337777
4.980478
3.521301
1.686931
0.271290
0.644860
-1.677743
-1.741034
-3.050874
-4.336185
-4.100049
-2.270365
-0.604666
-0.798250
0.846774
2.643862
0.378526
2.347480
-0.892563
-2.220996
0.051505
-1.358102
4.173244
4.903524
6.852231
7.297542
6.672371

-3.727946
-0.909543
0.149737
-4.027757
-0.658747
-2.300811
-1.412639
-4.970938
-5.114323
-2.202568
-2.674257
-2.407256
-4.743585
-6.592407
-6.002522
-5.413495
-5.812077
-6.067052
-4.134425
-1.959640
-2.670337
-3.316479
-2.458451
-1.025560
1.004366
-0.193326
-1.830337
-2.015850
-3.246439
-3.857300
-2.494521
-0.557592
1.344313
0.355687
-1.097253
-1.550378
0.158014
2.014781
2.324138
4.252357
-0.151123
2.011064
1.878945
4.088422
0.737974
-0.319167
1.995652
1.350862
2.237571

0.994508
3.018102
5.009122
1.401034
4.383799
2.637880
3.988490
1.401666
1.608309
4.666440
3.959714
-1.136762
-1.678927
-1.425265
-0.672001
0.613453
1.559354
1.927390
1.559722
0.819635
2.078249
4419518
5.710035
4.458311
-4.857580
-6.093387
-4.772249
-2.350105
-1.733207
-4.065177
-5.664034
-4.842036
4.745677
6.068888
4.952513
2.591109
2.238136
-0.982840
3.348184
0.037258
-2.226887
1.146744
-3.216778
0.211423
-2.478412
2.098627
-1.626116
1.114627
-2.668632
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7456165 1.102756 2.159056
7.985733  2.460274 -0.948353
8.204906 2.142729 0.400597
8.708402 3.077793 -1.473801
9.093865 2.519517 0.898050
-4.510811 1.142459 2.197944
-4.554772  0.289143 -2.400506
-6.571060 3.069650 0.936916
-6.499402 2.644476 -1.865580
-7.299065 3.905457 0.071245
-7.264283 3.693039 -1.324110
-6.577028 3.236058 2.006256
-7.882462 4.721727 0.476822
-7.822593  4.346296 -1.981899
-6.453990 2.483356 -2.934780
1.140820 4.807921 2.455815
-0.054683 4.411546 -2.226817
1.191103 5.816975 1.568038
2.090656 5.026086 3.385322
-0.054425 4.851718 3.076557
-0.740991 4.642948 -3.404735
-0.211741 5.509605 -1.398705
1.290476 4.263930 -2.513037

M AOQOTT DT TO0ONNZZ T TO0 T

Transition State

—_—
—_—

-2.176168 -1.219090 4.996177
0.763815 3.439200 0.455362
-1.058479 -1.499635 4.200224
-3.348457 -0.867604 4.363990
0.521791 2.420269 1.387667
1.427188 3.115813 -0.734015
3.079983 -0.908854 4.969853
3.639635 0.162781 4.289146
-1.175586 -1.402105 2.826339
5.615544 2.508287 0.607431
2.553504 -1.968777 4.249812
-3.422084 -0.791756 2.950835
1.006295 1.132894 1.144934
3.674194 0.167041 2.888496
1.888241 1.814778 -0.938071
-6.391547 -0.000557 0.834800
-2.316134 -1.046830 2.177868
-3.049239 3.238736 0.646057
4.860200 1.359197 1.082373
-2.723038 1.904258 0.848720
1.727583 0.860145 0.021294

zOoOOozoooooaoooaoooaoaooaooaan
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-5.016451
2.544095
3.075730
5.824948

-6.438006

-2.752628
4.644574

-2.128201
5.170595

-4.281040

3.001331

-2.320547

-2.059317
-3.951653
-1.761386
-4.275339
-2.687044
-5.089826
0.067846
4.058262
1.427672
-1.676009
-3.246171
3.099270
4.182593
-0.280707
-1.941679
4.160324
1.918049
5.517905
-3.590160
-2.432688
0.850302
3.387830
2.309651
3.378938
6.158954
2.440489
-1.286703
-3.577920
3.993549
5.390395
-2.405511
-1.218413
-4.723433
-5.314893
-3.451057
-1.123989
0.871865

-0.359315 1.230324
-1.915332 2.856930
-0.851654 2.175810
2.329768 -0.735822
-0.053102 -0.561621
3.826774 -0.582155
0.427946 0.029866
1.134752 -0.091642
1.084740 -1.115738
-0.604634 0.086686
-0.865493 0.010028
-1.023942 0.036671
3.073108 -1.526442
-3.581116 0.101787
1.745753 -1.239334
-4.927754 0.018794
-3.107951 0.041557
-0.437329 -1.020489
-2.227091 -0.018486
-0.243431 -2.886494
-2.289149 0.035320
-4.006858 -0.084289
-5.852250 -0.142467
-0.929597 -2.163879
-0.440665 -4.268573
-3.544167 -0.079982
-5.380972 -0.190157
-2.626172 0.019360
-3.552216 -0.025963
-2.674292 0.035180
-0.910802 -2.806901
-1.068253 -2.090178
-4.409218 -0.091771
-3.747598 -0.014836
-1.837042 -2.823843
-1.362572 -4.919558
-3.916301 0.019394
-2.071621 -4.191928
-1.276571 -2.790033
-1.030467 -4.220484
-5.008083 -0.033291
-5.086099 -0.015350
-1.262250 -4.905362
-1.373026 -4.166452
-2.834750 0.215327
-5.231803 0.074391
-6.914911 -0.224701
-6.079595 -0.309817
-5.485548 -0.129441
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3.399284
5.877657
7.239626
6.099149
-0.403252
-0.264573
-2.399277
-4.528776
-4.256999
-2.122431
-0.117226
-0.337702
2.109457
2.138103
3.076254
4.089001
4911762
3.484651
1.817892
1.578594
-1.237712
-2.964484
-1.763686
-3.545432
0.879376
2.444889
0.012109
1.629204
-4.656691
-4.811213
-7.511925
-7.606423
-7.466693
-7.632397
-8.692159
-8.738675
-9.588303
-9.669981
4.888920
4.401983
6.464001
6.047612
6.923780
6.717250
6.597528
7.429183
7.066841
5.867320
-3.225172

-5.912372
-6.052382
-3.972942
-1.763731
-1.345956
-1.524344
-1.341891
-0.909105
-0.642934
-1.280799
-1.792519
-1.622213
-2.748367
-2.824629
-0.927889
0.973273
0.123093
-1.526838
-2.809013
-2.424995
1.137807
1.421719
3.499544
3.797021
0.379151
1.602867
2.623800
3.875189
-0.436927
-0.597512
0.332989
0.227036
0.367559
0.182589
0.620032
0.567710
0.887246
0.795623
0.782665
1.241217
3.298043
3.656569
4.460678
4.638785
3.162798
5.227950
5.540975
3.792349
5.230759

-0.059360
-0.028459
0.032209
0.058146
-2.173535
-4.655105
-5.988114
-4.725505
4.909728
6.078749
4.644806
2.180875
2.346340
4.766369
6.052022
4.849973
-4.837882
-5.984166
-4.682206
-2.316300
-1.964161
1.784530
-2.477743
1.432015
1.903510
-1.832199
2.320611
-1.479212
2.475882
-2.278558
1.586784
-1.260315
2.670490
-2.344232
0.890541
-0.510625
1.442940
-1.020849
-2.336936
2.283752
-1.510116
1.270257
-0.866088
0.519049
-2.575520
-1.437921
1.003788
2.328684
-0.883597
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0.410671 4.874721 0.749345
-2.570417 5.760930 -1.932282
-3.050201 6.039376 0.178357
-4.540094 5.225434 -1.177965
-0.131529 5.471593 -0.373352
1.558930 5.557900 1.104082
-0.503216 4.968778 1.784663

oo T T O

Complex 6: L = MeCN

Enantiomer

—_—
—_—

-1.768489 4.784835 -1.277407
-0.834395 4.104832 -0.485267
-2.921680 4.118657 -1.634097
3.155960 4.658023 1.601204
4.044424 4.089123 0.701382
-1.112871 2.802874 -0.116522
6.280884 0.657223 -1.787031
2.124195 3.888800 2.110077
-3.160776 2.783417 -1.219919
3.883777 2.757916 0.291572
-6.138707 0.649924 -1.895653
-2.230381 2.117437 -0.466294
5.045055 1.123306 -1.169595
1.271469 0.779846 -1.472597
-4.830012 1.091784 -1.374878
1.981953 2.567698 1.689667
2.827685 2.004544 0.769531
6.117599 -0.676411 -2.079879
-6.316229 -0.669053 -1.471016
4.080161 0.086471 -1.169110
-1.823061 -0.631527 -1.617710
4.769735 -1.049923 -1.671508
-4.283157 0.066620 -0.627807
2411274 -0.011154 0.075409
-2.425552 0.084546 0.186657
-4.319726 1.157218 2.349241
-4.734160 1.493623 3.633757
-3.075075 0.720705 2.077388
-5.114813 -1.029734 -0.692595
-0.484697 0.214738 1.421510
3.036165 -2.765294 -1.263520
0.791772 -0.251096 1.429024
-2.185767 0.616744 3.101997
-3.830296 1.374379 4.689187

zOozzoOozooZozooooooooooon
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2.057531
2.758591
-0.832390
-2.539150
3.464365
1.235070
4.799108
-3.892425
-2.763449
0.217084
2.660261
0.786925
1.477700
5.370469
0.475602
-1.838602
-4.040146
3.198868
4.563808
-3.075197
-1.937921
-4.990530
-5.749567
-4.121680
-1.803148
0.210435
2.575901
4.998525
6.430346
5.424586
-0.962559
-1.137214
-3.197237
-4.953026
-3.692780
-1.594026
0.092396
-0.420198
1.175000
1.432328
3.280829
4.875752
3.526572
1.254822
-0.537244
-0.001743
-4.357707
-4.956930
-7.094151

-1.990062
-4.095856
0.193161
0.931724
-0.788848
-0.556015
-1.046316
-2.683769
-1.971752
-0.290818
-0.920930
-2.474167
-4.608366
-1.494082
-3.784410
-2.616271
-4.031980
-1.356476
-1.650876
-4.660773
-3.922389
1.218890
1.839324
1.627147
0.845050
-0.428589
-1.466260
-1.991322
-1.707020
-0.896407
-2.048350
-4.345728
-5.692374
-4.530655
4.581738
5.806783
4.567327
2.236797
2.020689
4.311363
5.685083
4.677863
-4.718676
-5.629351
-4.153293
-1.837009
2.271822
-2.221180
1.299336

-0.682854
-1.606491
2.737589
4.416165
1.740302
2.672100
1.789961
0.519292
0.841735
3.564436
2.834427
-0.579389
-1.431446
2.984346
-0.938490
1.602100
0.938937
4.049437
4.116427
1.694269
2.042683
1.501358
3.794306
5.703649
5.207960
4.634417
4.927912
5.047256
3.035769
0.925662
1.865553
2.639414
2.010255
0.636471
-2.237997
-1.599995
-0.163419
0.480266
2.119396
2.827531
1.919148
0.332758
-2.048598
-1.713108
-0.838722
-0.237504
-1.638966
-0.202230
-2.668404
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-7.456340
-6.945013
-7.583141
-8.247195
-8.425549
-9.017567
-9.331269
4.323362
4.935661
7.153110
7.494542
8.381558
8.551727
7.018499
9.204260
9.504544
7.621956
-1.600807
0.680111
-1.281989
-1.543080
-0.211360
-1.843445
-0.059073
0.237288
0.172471
-1.147846

TODCEOQOZIONDIZIOQOOQO@DNTZTTZTTOO0O0QZZEZTOOIZTTO

Transition State

—_
[

2.219355
1.096615
3.447082
-2.886273
-3.707341
1.276151
-5.848872
-2.033949
3.569982
-3.684540
6.534486
2476583
-5.007587
-1.746456
5.161050
-1.997967
-2.806571

zOoOzozZzooooaoooaoooan

-1.391572
2.323281
-2.416577
0.579911
-0.744693

1.053334
-1.275786
-2.263588
2.237289
-1.438687
1.308733
-0.800792
0.566802
-2.490399
-1.364219
1.045164
2.352526
-1.119804
1.248344
-1.728955
-1.047193
-1.952131
-2.660253
1.851162
2.914910
1.305754

1.792562

0.963142
0.972485
0.671269
2.104531
1.053004
0.727422
-2.161039
2.663939
0.374421
0.573393
-0.942617
0.449165
-0.976634
-1.288546
-0.491854
2.144908
1.104938

-1.801981
-2.995522
-1.468814
-3.004775

-2.578181
-3.606624
-2.856496
-1.647601
-0.529227

-2.619059
-2.004223

-2.867416
-2.560796

-2.835835
-3.287970
-2.746437

-1.748328

-2.644974
-2.349592

-3.930866
-4.746542
-3.985771
-4.056024
-3.459105

-3.564541

-4.396834

-3.257657

4.839461
4.001065
4.284018
4.546789
4.170384
2.652172
1.357268
3.611147
2.904225
2.853314
1.056553
2.083744
1.446640
0.409807
1.357985
2.317802
1.930938
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-5.812529
6.536074
-4.528539
2.099699
-4.952143
4.393095
-2.739094
2.495766
4.486878
4.986337
3.168558
5.164510
0.338128
-3.582545
-1.001242
2.289944
4.088024
-2.764215
-3.558969
0.850730
2.732215
-3.667210
-1.327087
-5.007809
3.588024
2.497963
-0.158170
-2.759264
-1.984903
-2.760483
-5.486776
-1.979695
1.310610
3.473420
-3.200321
-4.576245
2.257864
1.139526
5.162876
6.059330
4.431309
2.010984
-0.040472
-2.496222
-4.937333
-6.551643
-5.698946
0.479636
0.157744

-2.587392
-1.386241
-0.596495
-1.985171
-1.669116
-0.668390
0.448247
-0.072348
2.130753
3.361969
1.851767
-1.204166
1.376135
-1.190678
1.606008
2.842817
4.381455
-0.180766
-1.560286
2.584741
4.110501
2.253588
2.867774
2.457759
-1.398573
-0.826796
3.548688
3.228609
0.498995
-0.871050
3.713086
0.177420
-0.885460
-1.966807
4.497360
4.734962
-2.012965
-1.468456
1.326338
3.504461
5.361360
4.882533
4.573382
5.286876
5.710201
3.893341
1.659985
-0.441515
-1.504690

0.057137
-0.270927
0.161180
0.620802
-0.673870
0.224359
-0.139142
0.023770
-0.708619
-1.107156
-0.592848
-0.786921
-0.426107
-2.679192
-0.481669
-0.891726
-1.410850
-2.217139
-4.031179
-0.792846
-1.300516
-0.703512
-0.859991
-0.783483
-2.563505
-1.963590
-1.074265
-0.983882
-3.119662
-4.930993
-1.169142
-4.476054
-2.617859
-3.856228
-1.373590
-1.464728
-4.505163
-3.859940
-0.469041
-1.173911
-1.726978
-1.533876
-1.384330
-1.602693
-1.764439
-1.238422
-0.551858
-2.085998
-4.314238
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2.168801
4376411
4.353510
2.124122
0.104951
0.441116
-1.302420
-1.385621
-2.913474
-4.382644
-4.186649
-2.754151
-1.354399
-1.347768
4.827547
4.836423
7.685056
7.688776
7.672735
7.679838
8.850292
8.851986
9.769580
9.772614
-4.498769
-4.599558
-6.456707
-6.530123
-7.170279
-7.206769
-6.405189
-7.684922
-7.749050
-6.534156
2.277288
-1.334398
2.519085
3.596997
2.077805
2.081702
-0.888652
-0.295616
-0.283225
-1.775567

-2.467875
-2.381281
0.623637
1.167021
1.159456
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Figure S1.2. HNMR nomenclature for asymmetric compounds



Figure S1-0. 1D and 2D NMR spectra (500 MHz, 298K, CD,Cl,) for complex
1’ (a) 'H-NMR, (b) COSY and (c) NOESY .
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Figure S1-1. 1D and 2D NMR spectra (400 MHz) for complex 3b (a) 'H-NMR
at 298K in CD;CN, (b) COSY at 298K in CD;CN. HNMR in Acetone-ds allready
reported previously '
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Figure S1-2. 1D and 2D NMR spectra (400 MHz, CD3CN) for complex 3a. (a)
'H-NMR at 298K, (b) COSY at 298K, (c) 'H-NMR at 240K, (d) COSY at 240K,
(e) NOESY at 240K,
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Figure S1-3. 1D and 2D NMR spectra (400 MHz) for complex 4. (a) 'H-NMR at
298K in Acetone-ds, (b) COSY at 298K in Acetone-dg, (c) NOESY at 298K in
Acetone-ds, (d) 'H-NMR at 298K in CDsCN from an authentic sample (A) and
from kinetics in the NMR tube (B). Resonances labeled with a star indicate free
pyridine. The resonance labeled with X corresponds to the coordinated MeCN. In
B is not observed since it it contains CD;CN from the solvent.
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Figure S1-4. 1D and 2D NMR spectra (400 MHz) for complex 3¢c. (a) 'H-NMR
at 298K in Acetone-dg, (b) "H-NMR at 188K in Acetone-ds, (c) COSY at 188K in
Acetone-dg, (d) NOESY at 188K in Acetone-ds, (€) "H-NMR at 298K in CD;CN,
(f) COSY at 298K in CD3;CN, (g) NOESY at 298K in CD;CN,
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Figure S1-5. 1D and 2D NMR spectra (400 MHz in CNCDs3) for complex 3b’.
(a) "H-NMR at 298K, (b) COSY at 298K, (c) HNMR in CD,Cl, already reported
previously *! (d) COSY in CD,Cl, (¢) NOESY in CD,Cl,,
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Figure S1-6. 1D and 2D NMR spectra (400 MHz in CNCD3) for complex 4°. (a)
'H-NMR at 298K, (b) COSY at 298K.
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Figure S1-7. 1D and 2D NMR spectra (400 MHz in CNCD3) for complex 3a’.

(a) 'H-NMR at 298K, (b) '"H-NMR at 240K, (c) COSY at 240K, (d) NOESY at
240K. HNMR in CD,Cl, already reported previously *'
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2-UV-Vis kinetic data.

2.1 Kinetic data for 3b’: a) summary table, b) Eyring plot for k1, ¢) Eyring
plot for k2

a)

T(°C) k1 k2 Ln(k1/T) | Ln(k2/T) 1T
10 0,0023 0,000003 -11,72 -18,362 3,53E-3
20 0,0097 0,00004 -10,316 -15,807 3,41E-3
30 0,028 0,000153 -9,2893 -14,499 3,30E-3
35 0,0691 0,0004 -8,4023 -13,554 3,25E-3
40 0,12 0,0009 -7,8665 -12,759 3,19E-3

b)
KA1 y = 11300x - 28,199
R?=0,9948
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12,0 /
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T 60

|
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2.2. Kinetic data for 3c:

a) summary table, b) Eyring plot for k1, ¢) Eyring

plot for k2
a)
T(°C) k1 k 2 Ln(k1/T) | Ln(k2/T) 17T
40,0 0,00018 0,00009 -14,4 -15,0 3,25E-03
52,5 0,002 0,0006 -12,0 -13,2 3,08E-03
58,3 0,0042 0,00158 -11,3 -12,2 3,03E-03
66,3 0,009 0,0045 -10,5 -11,2 2.95E-03
b)
K1 y = 13040x - 28,084
R%?=0,993
16,0
14,0 _—
120 //
= 100
g/ 8,0
j 6,0
4,0
2,0
0,0 T T T
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c)
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< 80
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_Il 6,0
4,0
2,0
0,0 T T T
2,9E-03 3,0E-03 3,1E-03 3,2E-03 3,3E-03
1T (K-1)




2.3. Kinetic data for 3b:

a) summary table, b) Eyring plot for k1, ¢) Eyring

plot for k2
a)

T k1 k2 Ln(k1/T) Ln(k2/T) 1/T
35,0 0,00081 | = ---------—- -12,849 | ----emee-- 3,25E-03
40,0 0,0017 0,0001 -12,123 -14,957 3,19E-03
52,5 0,0084 0,00054 -10,563 -13,308 3,08E-03
58,3 0,0192 0,0014 -9,755 -12,373 3,02E-03
66,3 0,04488 0,005 -8,9298 -11,124 2,95E-03

b)
KA1 y = 13297x - 30,349
R*=0,9992
14,0
12,0 //
E 10,0 —
T 80
T 60
-
40
2,0
0,0 ‘ ‘ ; ; ; ; ;
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1/T (K-1)
c)
K2V~ 152573x -34,725
R =0,9963
16,0
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120 —
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q
X 80
c
- 60
40
2,0
0,0 . . .
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2.4. Tables of the individual spec fit results of the treated data for 3b’:

T(°C) rate1 rate2 error ratel |error rate2 |real conc (uM)
10 0,0023| 0,000003 0,0002 0,000003 314,10
20 0,0095 0,00004 0,0004 0,00003 54,00
20 0,0096 0,00005 0,0003 0,00003 27,00
20 0,0098 0,00003 0,0003 0,00002 5,40
30 0,0283 0,0002 0,0003 0,0001 60,60
30 0,0281 0,0001 0,0004 0,0002 30,30
35 0,069 0,0004 0,001 0,0001 27,00
40 0,122 0,0009 0,002 0,0003 65,00
40 0,119 0,0009 0,004 0,0001 32,50
40 0,119 0,0007 0,002 0,0002 6,50

2.5. Tables of the individual spec fit results of the treated data for 3c:

T(°C) ratel rate2 error rate1 | error rate2 | real conc (uM)

40 0,00018 | 0,00009 0,00002 0,00003 151,0
52.5 0,0018| 0,0006 0,0004 0,0002 70,5
52.5 0,002 | 0,00056 0,001 0,00006 141
52.5 0,0016| 0,0006 0,0002 0,0001 352,4
58.3 0,00414 | 0,00159 0,0003 0,00004 98,8
58.3 0,0042 | 0,00156 0,0002 0,00004 347
66.3 0,009| 0,0043 0,002 0,0004 65,1
66.3 0,009| 0,0046 0,001 0,0003 325,3




2.6. Tables of the individual spec fit results of the treated data for 3b:

real conc
T(°C) rate1 rate2 error ratel |error rate2 | (uM)
35 0,00081 | -=======--=---- 0,00003 | --=-=-==-------- 106
40 0,00172 0,0001 4,00E-05 0,0001 57,2
40 0,00165 0,00009 5,00E-05 0,00003 114,5
40 0,0017 0,00012 4,00E-05 0,00005 286,2
52.5 0,00843 0,00054 5,00E-04 0,00004 17,9
52.5 0,00845 0,00053 2,00E-04 0,00002 35,8
58.3 0,0193 0,00133 0,0002 0,000006 62,1
58.3 0,0192 0,00142 0,0003 0,000006 124,2
58.3 0,0189 0,0014 0,0002 0,00002 310,4
66.3 0,04488 0,0054 0,00002 0,0003 61,4
66.3 0,044 0,005 0,002 0,002 122,8
66.3 0,0456 0,00546 0,0002 0,00001 307,1




Figure S2.7. Left, UV-vis spectral changes obtained for 3b’. Right, absorption
vs. time plot (red line) and mathematical simulation (green line).
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Figure S2.8. Left, UV-vis spectral changes obtained for 3c. Right, absorption
vs. time plot (red line) and mathematical simulation (green line).
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Figure S2.9. Left, UV-vis spectral changes obtained for 3b. Right, absorption
vs. time plot (red line) and mathematical simulation (green line).
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Figure $2-10. UV-vis in Acetonitrile of .A= complex 3b*", B=complex 4’ and

C=complex 3a’" A’, B’, C’ are their calculated spectra from the Specfit
programme.
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Figure S2-11. UV-vis spectra of a 0.04 mM solutuion in MeCN of the free ligands
trpy ( red solid line) and Hbid ( black dashed line).



3- DFT Calculated structures.

Figure $3.1 ONIOM partitioning for [Ru(bpp)(trpy)a(py)>] . The DFT region is
represented with the ball and stick model and low level with wire frame.
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C 3.783046 2.488427 0.441079
c 0.636484 -0.294276 -2.316410
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.004868
. 749855
.698711
.634554
.020673
.380555
773111
.875242
.654574
.996784
.662316
.143639
.186990
.728787
. 788375
.235906
.506104
.426750
.878206
.094342
.336067
.136231
.708478
.072680
.861339
.433808
.094819
.833348
.126093
.137472
.950401
.565359
.774510
.431165
.542198
.275898
.882859
.136250
.921198
.268165
.707617
.272086
.864349
.433963
.717894
.284087
.656638
.223007
.597343
.952457
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.023219
.933303
.856159
.745712
.578003
.611968
.418527
.342340
.842875
.021521
.737052
.269739
.518616
.692491
.393364
.565013
.087613
.153335
.367015
.851352
.396133
.096994
.578835
.923903
.264420
.134522
.729205
.774039
.638582
.316419
.873439
.819400
.082422
.837583
.838259
.519804
.753113
.727646
.126483
.362488
.474528
.046132
.029916
.334990
.148461
.140590
.283447
.080580
.002197
.290439

.437011
.913994
.486943
.556769
.046065
. 625237
.698341
.886969
.896138
.267128
.760428
.742264
.878703
.780881
.661857
.211275
.059722
.126312
.510485
.676465
.047688
.004484
.675930
.066206
.378758
.799852
. 726565
.179573
.725810
.354462
.975272
.468910
.715879
.377269
. 737683
.233039
.951058
.201692
.703008
.630326
.599862
.886132
.414058
.096085
.618687
.314213
.371638
. 750957
.997732
.030970
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.756674
.063857
.740307
.991463
.647675
.267494
.575576
.014524
.498715
.523979
.372690
.189841
.345268
.612333
.605325
.617169
.447620
.307282
.838899
.651763
.037486
.063280
.526815
.473549
.951846
.261262
.446394
.540063
.457930
.215568
.182737
.391873
.673798
. 730343
.234406
.115649
.917558
.186366
.515786
.232887
.495214
.117110
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.743140
.797675
.909759
.246881
.392297
.069554
.599401
.460541
.275191
.247582
.481073
.548073
.726038
.948591
.628298
.203791
.711195
.872011
.029137
.782925
.463049
.755916
.035456
.310553
.310386
.135439
.571902
.700487
. 745867
.881665
.087812
.124438
.370005
.240727
.628040
.510594
.263685
.581758
.288266
.213458
.698877
.564890
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.478423
.513940
.629100
.851918
.881174
.445396
.446180
.884970
.280442
.244967
.840182
.933509
.944013
.758802
.605862
.978793
.147621
.999345
.994652
.988573
.967380
.290226
.173314
.302471
.589726
.930117
.460034
.909324
.074541
.981992
.569324
.264546
.598961
.936756
.501303
.152389
.115022
.604279
.926476
. 775833
.108217
.052153
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.573095
.155621
.484163
.232999
.173846
.193500
.929335
.637103
.092341
.158279
.952070
.790692
.230096
. 749128
.340134
.744603
.435919
.713935
.070947
. 716384
.405428
.679239
.351427
.270162
.846517
.650478
.181587
.841284
.151517
.247466
.217880
.409236
.961822
.098317
.192169
.577889
.539435
.701303
.280609
.138824
.492604
.946766
.881241

P OOORr OOOoORr O

.609695
.471061
.446006
.476533
.155121
.355125
.093733
.901880
.154033
.143398
.178763
.208704
.254189
.132344
. 795386
.904111
.841252
.055969
.479803
.613245
.952003
.060554
.905329
.045244
.430641
.448836
.663199
.171534
.107248
.028742
.570585
.137104
.072442
.088455
.416087
.343158
.436087
.734009
.390031
.240033
.825771
.712848
.597880
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.929130
.325989
.076883
.408053
.868687
.841199
.686986
.885491
.267459
.970144
.687127
.034127
.924565
.813883
.080159
.909069
.458895
.196526
.152136
.465740
.522857
.896126
.129251
.845299
.862868
.275707
.049534
.013577
.046168
.189196
.358179
.265073
.538694
.033784
.423313
.447366
.073714
.321097
.093286
.622000
.728832
.479131
. 745257
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.785807
.421428
.246664
.776524
.370084
.369353
.252546
.719592
.878111
.293242
.488205
.261574
.579410
.552646
.398205
.793395
.710184
.708659
.014133
.021065
.542671
.114864
.321555
.859808
.336798
.567561
.303762
.827824
.034299
.841426
.341939
.518112
.645514
.904321
.084786
.908759
.941375
.257772
.941071
.416336
.147505
.403187
.555326
.592023
.748663
.754539
.596656
771877
.108519
.261959

.472822
.877912
.114226
.957251
.495259
.080622
.073049
.269359
.378557
.321425
.454314
.652914
.007735
.846931
.759913
.854356
.798141
371771
.371795
.265008
.298783
712761
.330516
.067150
.235812
.524076
.636411
.628690
.072966
.851824
.161971
.553348
.533176
.7122126
.586248
.600150
.296809
.979076
.112692
.104936
.958018
.855355
.838185
.408014
.007077
.231297
.307740
.115359
.836662
.266059
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.391497
.456884
.504777
.390031
.828167
.015547
.462788
.559535
.804190
.557252
.485759
.228074
.583204
.114810
.678941
.633799
.536278
.331779
.398526
.669456
.627475
.209323
.508694
.566416
.488495
.448876
.503622
.260717
.811250
.760402
.787598
.701830
.590001
.881633
.069340
.219064
.320337
.935781
.109712
.524324
.300815
.646999
.696960
.434106
.724833
.018469
.883537
.075130
.333412
.552405
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.473663
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.436891
.382358
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.734929
.703474
.388054
.310161
.606489
.269666
.269776
.048161
.328283
.062063
.540577
.812285
.121179
.373534
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.468688
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.676637
.545785
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.706828
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.595542
.539376
.381373
.806614

.572318
.999009
.992804
.823129
.815277
.578018
.472612
.541602
.687731
.221030
127737
.520144
.224568
.071173
.264632
.946878
.022005
.960633
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.781608
.652685
.846911
.961368
.110474
.083416
.013161
.775696
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.391849
.011554
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.204167
.110706
.592771
.782451
.537406
.449471
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.075187
.933978

.549234
.232238
.184219
.046763

.437752
.885981
.987590
.552732
.025037
.626700
.789505
.011081
.627647
.324789
.018098
.229325
.895642
.332799
.448628
.517088
.424945
.765907
.647772
.659286
.687787
.468214
.696764
.659118
.270446
.070701
.578606
.997804
.793453
.034391
.103577
.371896
.131210
.356738
.903726
.610360
.286052
.136769
.344825
.914137
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.997339
.047371
.860108
.907660
.664666
.349250
.129601
.656958
.018309
.902852
.118019
.526073
.455880
.254922
.181356
.052634
.368840
.529751
.016657
.355058
.929223
.847411
.151042
.963106
.312091
.920792
.100664
.376518
.752699
.219321
.294529
.529783
.368247
.317250
.403765
.256089
.200564
.142347
.115704
.731274
.670464
.095379
.415432
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.544814
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.429601
.240466
.305041
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.841279
.123236
.532911
.097949
.032404
.719889
. 734308
.047348
.129747
.247526
.136439
.938309
.928532
.357556
.023732
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.586357
.533857
.200975
.560424
.846430
.462893
.816378
.125131
.103081
.967030
.709683
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.396595
.498815
.070352
.596794
.169377
.772815
.623648
.861518
.541580
. 746945
.476405
.855279
.351627
.927514
.099431
.573916
.481820
.155387
.113123
.228627
.920859
.046112
.300600
.486255
.364498
.949446
.554967
.985972
.192437
.185055
.990933
.203307
.804497
.394482
. 793363
.036598
.854813
-1.
.124851
.694609
.684550
.037667
.124574
.851030
.220258
.616349
.819240
.844152
.645796
.412743

355555
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.590658
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.221665
.796370
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.420437
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.631405
. 749355
.396200
.474258
.757413
.021039
.964606
.614713
.167017
.803822
.403705
. 786722
.199765
.588397
.866812
.745079
.325772
.048111
.182626
.933524
.155004
.146400
779757
.457200
.553904
.566826
.783227
.156243
.302504
.104059
.763120
.200932
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.348061
.787918
.572267
.675598
.405815
.362882
.517704
.475072
.413940
.217485
.637973
.112940
.527217

.463649
.159518
.032808
.028323
.323360
.604074
.576589
.312306
.636678
.324778
.304918
.557199
.449230
.598907
.749714
.902067
.811510
.392102
.481922
.728406
.609944
.672543
.930486
.062920
.965569
.349236
.315645
.923326
.565192
.648669
.018254
.567573

.097825
.243041
.847134
.024386
.545736
.000357
.515912
.753116
.492483
.634257
.558820
.716278
.509823

.308788
.004309
.789194
. 744399
.185328
.698886
. 758115
.295639
.221545
.268515
.377392
. 760097
.413167
.074907
.709030
.088700
.847082
.200493
.814185
.052620
.723835
.114013
.372320
. 723577
.580705
.496146
.479317
.764920
.038469
.007533
.762004
.080686
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.981013
.220912
.730312
.342891
.152277
.735873
.649294
.319073
.573071
.225186
.229962
.990104
.261819
.958700
.319285
.146781
.138902
.193403
.885510
. 712966
.056048
.296915
.561040
.337984
.321335
.278220
.566910
.911618
.059134
.365467
.175700
.921047
.747240
.198505
.417819
.572153
.529061
.492228
.513851
.809114
.467755
.590556
.131650
.833948
.044522
.609225
.390160
.060084
.229226
.651315

.855498
.890065
.254319
.081712
.028194
.791047
.366701
.667472
.212292
.416529
.515503
.088816
.601047
.746394
.489321
.166848
.378774
.966999
.813291
.086544
.761615
.689489
.049968
.729189
.859712
.646500
.476172
.579815
.094057
.842700
771329
.710022
.961379
.041205
.015443
.506598
.622213
.173936
.288171
.093643
.086599
.616077
.480304
.001011
.028025
.952919
.380436
. 746921
771961
.456084

.548843
.924429
.775138
.637241
.114166
.285021
.250179
.537770
.027677
.168741
.577665
.144272
.053643
.157513
.319767
.039406
.131001
.736827
.348436
.857388
.997743
.781471
.321695
.805855
.767299
.632125
.456751
.306919
.491383
.355181
.221153
.657759
.156205
.235411
.588459
.946573
.919094
.702306
L473742
.659167
.488151
. 672677
.096938
.981883
.153182
.831442
.902277
.380763
.192221
.000069
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.450249
.836601
.272457
.895513
.415750
.794983
.405078
.075904
.949421
.872857
.924188
.107631
.819184
.231207
.212464
.303430
.706599
.063497
.580210
.625266
.034897

.279501
.988247
.201968
.073503
.828576
.507216
.518637
.566134
.921982
. 747857
.344211
. 769336
.146617
.629409
.417575
.876059
.655779
. 697262
.477996
.677323
.552457

.131441
.558390
.010094
.972000
.873565
.105919
.712658
.410717
.060033
.081484
.771608
.160028
.047259
.492818
.508266
.963654
.834867
.291303
.566159
.407611
.256523

.643280
.992244
.376349
.597445
.051009
.732490
.187500
.337646
.057030
.386119
.157618
.283914
.891833
.528047
.471736
.551574
.037418
.056176
.551614
.625140
.077533

.032584
.747834
.686778
.218942
.526371
.171494
.875943
.196997
.217794
.274176
.011125
.597678
.890922
.824332
.085395
.696792
.535020
.816831
.454319
.115883
.333027

.033543
.462009
.180250
.518287
.053719
.178985
.700756
.346426
.182673
.352529
.951085
.139998
.353930
772965
.261615
.545389
.451304
.306387
.793126
.115060
.587602
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.254535
.249966
.244579
.226377
.125979
.335582
.967241
.114831
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.697884
.914040
.493912
.561626
.591974
.834001
.399745
.424411
.738954
.671163
.123062
.099695
.287934
.281974
.920829
.759401
.106258
.869305
.796518
.285658
.065953
.556258
.498505
.496477
.204523
.179648
.273901
.400048
.631665
.602399
.564052
.539021
.569032
.110370
.644752
.304940
.694835
.906183
.461332
.757525

317797
476962

.270140
.433274
.259341
.220677
.175359
.185954
.064981
.093524
.068318
.007609
.414016
.139289
.320912
.195232
.322861
.092366
.730374
.577460
.414138
.562920
.358582
.666433
.481730
.616891
.591849
.204340
.232937
.441769
.089968
.165601
.850244
.905753
.232156
.130513
.842978
.967639
.781696
.729691
.377882
717768
.310510
.039182
.280048
.710676
.806990
.604363
.915057
.067936
.620775
.009705

ON D DB DU WRPROOWWwWwOoOODWwWwNDNMDNMDNwWODORENREM_MMNEREE SN RERRERERRE

.881591
.541836
.647959
.756464
.699735
.652181
.115243
.095117
.058701
.076004
.210569
.993479
.252304
.869644
.354337
.409480
.079092
.171395
.928220
.358947
.413520
.841788
. 642991
.201437
.392002
.328340
.371787
.651225
.136752
.285202
.417763
.502349
.965941
.359903
.304555
.966993
.694723
.450853
.426269
.100565
.947195
.130660
.369244
.336990
.055620
.270967
.253231
.217548
.288818
.536006
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.069866
.906964
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.143786
.078319
.067241
.905979
.501241
.590340
.094750
.363373
.505681
.623745
.492119
.049942
.617979
.933064
.107780
.035129
.697855
.548588
.784202
.542455
.231909
.138832
.717536
.797982
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.121307
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.866082
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.018463
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.677567
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.716320
.778459
.062861
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.360067
.565047
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.629324
.028095
.756173
.099883
.367007
.271417
.937859
.817309
.663914
.186081
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Table S3.1. Bond distances and angles of the first coordination sphere for the X-
ray and calculated structures of complex 3b.

Bond distance (A)/ angle 3b X-ray Calculated 3b
©)

Ru-N1 2.071 2.10913
Ru-N2 1.953 2.01830
Ru-N3 2.060 2.11135
Ru-N4 2.111 2.14368
Ru-N5 2.056 2.11010
Ru-N6 2.128 2.12680
N1-Ru-N3 158.30 162.51
N5-Ru-N4 174.49 177.37
N2-Ru-N6 174.48 175.40
N1-Ru-N4 87.03 92.86
N1-Ru-N6 97.53 98.16
N1-Ru-N5 88.46 88.61
N1-Ru-N2 79.66 81.42
N3-Ru-N2 79.44 81.42
N3-Ru-N4 97.37 90.07
N3-Ru-N6 102.79 98.66
N3-Ru-N5 87.98 89.17

4.-References :

St Planas, N; Christian, G.J; Mas-Marza, E.; Sala, X.; Fontrodona, X.; Maseras, F.; Llobet,
A. Chem. Eur.J. 2010, 16, 7965-7968.
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EXPERIMENTAL SUPPORTING INFORMATION
FOR:

The Bpp Catalyst Anchored on TiO: by Sulfonate Groups

Nora Planas, Stephan Roeser, Jordi Benet-Bucholz and Antoni Llobet

a [nstitute of Chemical Research of Catalonia (ICIQ), Av. Paisos Catalans 16, E-43007

Tarragona, Spain.

|. NMR spectra

II. UV-vis Spectra

II1. Electrochemistry

|V. Catalysis with Cerium

V. Electrochemical experiments

VI. Coordinates for the optimized structure of 4*.

The supporting information section also includes “cif” magnetic files of the
crystal structures of complex 2* and trpy*.




|. NMR spectra:

Figure S1. 1D and 2D NMR spectra (400 MHz, 298K, MeOH-d,) for ligand
troy* (a) "H-NMR, (b) COSY, (c) NOESY (d) *C-NMR (¢) NMR
nomenclature
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Figure S2. 1D and 2D NMR spectra (400 MHz, 298K, D,0) for complex
2*. (a) '"H-NMR, (b) COSY, (c) NOESY (d) NMR nomenclature
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Figure S3. 1D and 2D NMR spectra (400 MHz, 298K, MeOH-d,) for
complex 3*. (a) '"H-NMR, (b) COSY, (c) NOESY, (d) NMR nomenclature
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|I. UV-vis spectra:
Figure S4. UV-vis, 0.03 mM in MeOD, of (a) trpy*, (b) 2*, (c) 3*.
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|I1. Electrochemistry:

Figure S5. CV for 0.3 mM of complexes (a)3* in pH7, (b) 2* in pH7.
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V. Catalysis with Cerium:

Figure S6. Catalytic experiment with 2 mg of 3* anchored in 250mg
anatase after the addition of 100 eq of Ce' . (a) Online manometric:
measurements. (b) Online mass spectroscopy anaklysis.

(a)

mbar

(b)

4000 6000

8000

time (seconds)

4,50E-10

4,00E-10

3,50E-10

3,00E-10

2,50E-10

2,00E-10

1,50E-10

1,00E-10

5,00E-11

0,00E+00

0

1000

2000 3000 4000

time (s)

5000

—02
— CO2

11



Figure S7. Catalytic experiment with 0.5 mg of 3* anchored in 250mg
anatase after the addition of 100 eq of Ce''. (a) Online manometric:
measurements. (b) Online mass spectroscopy anaklysis.
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Figure S8. Catalytic experiment with 1 mg of 3* anchored in 250mg
anatase after the addition of 100 eq of Ce''. (a) Online manometric:
measurements. (b) Online mass spectroscopy anaklysis.
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V. Electrocatalytic experiments:

Figure S9. Representative example of the Electrocatalytic experiments
performed with 4*-Ti02-FTO. (a) Graph of the bulk electrolysis
experiment carried out at 1.6 V vs SSCE. (b) Accumulated charge over
time. The little oxigen measured with the clarck electrode probe coincided
with the blank experiments, oxygen leaking from the air to the cell
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V1. Coordinates of 4* optimized geometry:
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0.77235004
0.64270144
2.20555229

-0.19640381

-0.54212884

-0.86113437

0.78559978

3.47853341

-1.47406630

2.42437986

-2.74599264
3.01711889

1.98974850

3.60345747

-3.24597359
-3.95155678

-2.42271251
-2.80444181
-0.91154816
-1.90787987
4.42390896

-3.01222072
-5.51652285
-4.75463320
-5.43978106
-3.64863102
-3.68087801
-4.39544771
-4.45876978
-3.09217354
-5.17350128
-4.36991026
-5.20487631
-6.34683342
-5.85648090
-7.26841020
-6.54583360
-6.06379698
-7.04701798
-5.61661586
-6.12453938
-4.44434058
-6.66288533
-6.12632783
-4.49913640
-5.55053918
-7.72947060
-5.99291732
-6.08107615
-3.62105123
-3.83315382
-6.43767270
-8.22569787
-6.40080478
-3.19037798

10.01191163 4.32023340 -5.88056049

11.74704870

3.09466163

-4.17048954
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A) Orbitals and Selected geometrical parameters:
B) Energies:

C) Coordinates:



A) Orbitals and Selected geometrical parameters:

Table 1. CASSCF orbitals of the active spaces in the two spin states for

the cis isomer.

Cis/triplet (C4) Cis/singlet (Cy)
Active space Occupation Active space Occupation
orbital coefficient orbital coefficient
A A e )
9./“ 193 3 1,94
M- H
o#" 1,93 1,94
M
R
\\“\; :HP
ﬁ 1,94 1,99
M
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AP
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M
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Table 2. CASSCF orbitals of the active spaces in the two spin states for

the trans isomer

Trans/triplet (C4) Trans/singlet (d,)
Active space Occupation Active space Occupation
orbital coefficient orbital coefficient
"y ~r \_‘r | *\’\ ‘
7 -"‘5_ 1\?&_ X ) .
N T 2,00 7:13 :l | 2,00
N AA,
. .7 L\’ .,j -y L“r
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Q@. ' 196 |- M X 1,97
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1,94

1,94

1,85

1,82

0,21

0,22

0,08

0,01

’;\'k
™y
A

1,94

1,93

1,87

1,06

0,18

0,09
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Table 3. DFT, CASSCF, CASPT2 energies ox state VI

DFT CASSCF CASPT2
®Grr (Hs-Ls)| ®EprT (Hs-Ls)| Stable | ®Ecasscr (Hs-Ls) | Stable | ®Ecaspr2 (Hs-Ls) | Stable
(kcal'mol™)|(kcal-mol™)| spin | (kcal'mol™) | spin | (kcal-mol™) | spin
cis 1,26 1,88 s 7,78 s 2,95 s
trans| 3168 33,6 s 43,49 s 39,60 s
DFT DFT CASSCF CASPT2
®G cis-trans ®E gis-trans ®E cis-trans ®E cis-trans
(kcal-mol™) (kcal-mol™) (kcal'mol™) | (kcal-mol™)
6 26 5.67 6.71 4.77

Table 4. Selected bond distances and angles of the optimized

geometries in the isomerization process in oxidation state II:

isomer | spin Ru-O1 | Ru-O2 | O-Ru-O N1-N2- Ru-N1 | Ru-N2 Ru-N3 | Ru-N4
N3-N4
cis SO0 2,226 2,226 82,866 91,464 2,024 2,075 2,075 2,024
S1 2,213 2,182 83,720 89,089 2,048 2,084 2,084 2,010
mono S0 2,225 91,434 2,028 2,083 2,071 1,987
cis
T 2,207 84,570 2,052 2,064 2,131 2,307
mono- T 2,222 107,210 2,245 2,106 2,068 2,073
TS
mono T1 2,454 147,584 | 2,114 2,098 2,098 2,114
trans




S0 2111 | - 151,624 | 2,097 | 2,109 2,098 | 2,111
trans S0 2,166 | 2,165 | 176,346 | 154,860 | 2,082 | 2,131 2,083 | 2129
S1 2,079 | 2,079 | 178,074 | 155,903 | 2,120 | 2,100 2,120 | 2,100
B)Energies:
I) DFT-G03-Optimized geometries
. AE AE
sstr:tr; E (a.u.) H (a.u) G(a.u.) S2 | HS-LS s;ali)rlle trans-cis
(kcal) P (kcal)
t -1238,05117| -1237,65345| -1237,73969 2,00
trans -1238,06811| -1237,66861| -1237,74905 0,000 10.63 s
I )
(d6, +2) Useincor | _1238,06811 15,73
cis | -1238,05191| -1237,65333) -1237,73873 2,02 . oo .
i -1238,09317| -1237,69417| -1237,77389 0,00
d
. rans -1237,60848 -1237,20922) -1237,28870 0,76 . . g
(H20/H, d -1237,58268 -1237,18507| -1237,27060| 3,78 1322
0) d ,
5. 43)| cis -1237,62952 -1237,23040) -1237,30983 076 4, o g
d -1237,57991| -1237,18225| -1237,26647| 3,77
d
. rans -1237,46033 -1237,07339 -1237,15160 078 41 -, g
(H.0/0H d -1237,41166 -1237,02677| -1237,11175| 3,77 1268
) d ,
@5, 42)| s 1237,48054 -1237,09349) -1237,17074 078 o o g
d -1237,39068
t -1236,83406) -1236,45877| -1236,53777| 2,01
trans -1236,82198 -1236,44682 -1236,52508 0,94 -13,93 t
v Uspin corr _
(H,0/0) t 1236,81187| 9,42
(d4, +2) -1236,84907 -1236,47373 -1236,55154| 2,01
cis -1236,83078 -1236,45542| -1236,53190| 0,96 -2.16 t
Usincorr | 1934 84562
t -1236,83370) -1236,45961| -1236,53541| 2,01
\ trans [U _ _ _ -2,50 t
(OH/OH) | 1236,82900| -1236,45438| -1236,52927| 0,29 12.34
(d4, +2) Uspincor | 1236 82971
cis | -1236,84548 -1236,47131| -1236,54798 2,01| 495 s




r -1236,85337| -1236,47817| -1236,55249 0,00
]
rans -1236,20207) -1235,83915( -1235,91498 0.76 Lo oo |
v i -1236,16053 -1235,79875 -1235,87613 3,77 14,65
(d4,+2)) -1236,22542| -1235,86206| -1235,93699 0,76
cis 14,13 d
4 -1236,20290] -1235,84032] -1235,91668 3,77
t -1235,52377| -1235,17300] -1235,24875 2,03
trans . 33,6 s
-1235,57731) -1235,22555| -1235,29924| 0,00
Vi i
(43, +2) -1235,58334] -1235,23196] -1235,30720| 2,01 8,22
cis [ -1235,58634) -1235,23506| -1235,30921| 0,78 s
44
Uspincor | _1235 59040
II) DFT-G09-Optimized geometries
E-sol _ _ _ _ -
Optimized opin E-gas E-sol E-gas H -gas G-gas
structure (Keal)  (kcal)| (a.u.) (a.u.) (a.u.) (a.u.)
Cis-S0 ) 0,00 -0,02| -1238,3 -1238,0932| -123,7694 -1237,7740
S1 44,58 50,35 -1238,3 -1238,0130
T1 40,84 45,95 -1238,3 -1238,0200
Cis-S1 S1 40,18 45,04| -1238,3 -1238,0214
S0 516 5,31 | -1238,3 -1238,0847
m°”S°O'C'S' . 25,53 34,94| -1161,9 -1161,6375| -1161,2666 -1161,3411
<1 69,70 82,93 -1161,8 -1161,5610
mO”Tol'C'S' T1 42,88 47,34| -1161,9 -1161,6178| -1161,2473 -1161,3253
mono-TS  T1 729%33'1 49,63 -1161,6141| -1161,2449 -1161,3211




mono- T1 40,82 43,47| -1161,9 -1161,6239| -1161,2534 -1161,3319
trans-T1
mono- S0 43,38 52,80| -1161,9 _1161,6091| -1161,2368 -1161,3113
trans-S0
s1 50,85 74,42| -1161,8 -1161,5746
trans-S0 SO 12,70 15,40| -1238,3 -1238,0687| -1237,6692 -1237,7501
s1 51,08 61,32 -1238,2 -1237,9955
T1 —--  50,13| ----  -1238,0133
trans-S1  S1 46,75 53,92 -1238,3 -1238,0073
) 19,13 20,33| -1238,3 -1238,0608
III) CASPT2-single points
Gefc:'?;try Sym- | basis spin EcasscF Ecasrr2 | Reference s?aIiE:Assts;tFe s;AaIiE:Asst:tze stable
DFT metry| set (a.u) (a.u) weight (keal) (keal) spin
Cisitriple{ C1 | mb | t | -5.659,5744| -5.661,0199  0,6312
s | -5.659,5791 -5.661,0250,  0,6311 2,96 324 s
dz | t | -5.661,5863 -5.665,5191]  0,4520
s | -5.661,5937 -5.665,5174  0,4529 4,62 a2t
z | t | 56616149 -5.6657435 04479
s | -5.661,6229 -5.665,7419  0,4486 5,03 4,01t
Transftriple{ C1 | mb | t | -5.659,5445 -5.660,9865 0,63199
s | -5.659,5727 -5.661,0202 0,63126 17,69 21100 S
dz | t | -5.661,5219 -5.6654562 0,45144
s | -5.661,5591| -5.665,4964) 0,45091 23,34 2522 s
z | t | -56615473 -5.6656775 044713
s | -5.661,5855 -5.665,7194]  0,44644 23,98 26,33 S
Cis/singlet (cszg) mb | t | -5.659,5670 -5.661,0130 0,63107)
(gf) s | -5.650,5788 -5.661,0263 0,63082 7.45 838 s
dz | t | -5.661,5803 -5.665,5154 0,45185
s | -5661,5075 -5665,5229 0,45279 10,80 469 S
tz | t | -5661,6090 -5665,7401 0,44762
s -5661,6273 -5665,7482| (44762 11,51 508 ]




Trans/singlet | D2 | n |t | 56505104 -5660,9517)

(S3)

(81

0,63276
S | -5.659,5680 -5661,0170, 0,63148 36,13 40,98

dz t | -5.661,5078 -5665,4330  0,45264
S | -5.661,5869 -5665,5144/ 0,45234 49,64 51,08

tz t | -5.661,5348 -5665,6562 0,44841
s | -5.661,6166| -5665,7406 0 44795 51,29 52,97

C) Coordinates:

I) GO3-optimized geometries

cis-II-singlet-0

Ru -0.00002400
N 2.01529900
C 2.62886000
C 3.99070700
C 4.76122000
C 4.14018300
C 2.76634600
N 0.66935000
C -0.10633600
C 0.39752200
C 1.75826700
C 2.56286900
C 2.00795500

N -0.66920800

-0.00003500 -0.77428800

0.48830000

1.41370000

1.66550100

0.93095400

-0.03064800

-0.24096800

-1.27528600

-2.14285800

-2.99016400

-2.94817200

-2.05387400

-1.22037800

1.27537700

-0.71949700

-1.48446700

-1.40925300

-0.51049800

0.27651900

0.15877100

0.64575500

1.33073100

2.30452600

2.59784300

1.90496200

0.93442800

0.64568800




0.10652500

-0.39737500

-1.75823400

-2.56288500

-2.00791400

-2.01517300

-2.62847100

-3.99031600

-4.76098400

-4.14012700

-2.76629700

1.98453700

4.43417100

5.83109800

4.72575500

-1.16146600

-0.27368000

2.18566200

3.62646700

1.16174400

0.27387200

-2.18567800

-3.62656400

-1.98384000

2.14283800

2.99050600

2.94902400

2.05479300

1.22087900

-0.48852700

-1.41462900

-1.66647500

-0.93130900

0.03087600

0.24122000

1.95621500

2.42452000

1.10243400

-0.61728200

-2.13907900

-3.66967400

-3.59917700

-2.00007600

2.13866000

3.66990000

3.60034800

2.00135200

-1.95757500

1.33073700

2.30420300

2.59705700

1.90413900

0.93400000

-0.71917200

-1.48352500

-1.40820800

-0.51008900

0.27637400

0.15863200

-2.17341500

-2.04766900

-0.42523000

0.97928800

1.06964800

2.82218100

3.35585000

2.12092700

1.06999400

2.82195100

3.35476200

2.11979800

-2.17184100



H -4.43366300

H -5.83085900
H -4.72582400
H 1.17203900
(] 0.47461600
H 0.74768000
H -0.73901600
(0] -0.47601200
H -1.18121300

trans-1I-singlet-0

C -2.84876700
C -3.97522500
C -3.82570800
C -2.53893900
C -1.45810100
N -1.59051700
H -4.69790700
H -4.96911400
H -2.36729000
H -0.43729300
C -2.90194900
C -4.08227500
N -1.69912100

C -4.05657200

-2.42603400

-1.10281400

0.61788000

-1.08413600

-1.39614000

-2.29278100

2.29501300

1.39518300

1.08755500

0.74040500

1.51619900

2.82591500

3.32396800

2.50975000

1.25375700

3.43698000

1.08904700

4.32797600

2.85298600

-0.67409000

-1.33075900

-1.32526000

-2.67596200

-2.04606400

-0.42481900

0.97873100

-3.04486200

-2.44290600

-2.18615900

-2.18718400

-2.44328400

-3.03839900

0.19452100

0.46952300

0.90511500

1.09188100

0.79104200

0.31341900

1.12234700

0.36956700

1.46968700

0.94381400

-0.16703900

-0.51485900

-0.14238700

-0.85498100



Ru

-5.02035200 -0.78328800 -0.53923400

-1.69248800 -2.62423000 -0.50450300

-2.83058100 -3.33376500 -0.85686300

-4.97154600 -3.19470500 -1.12879200

-0.72002700 -3.10686300 -0.52848500

-2.74662600 -4.38118600 -1.13270000

0.00006500 -0.05440400 0.00189500

1.58885400 1.25567800 -0.31108200

1.45409200 2.51271900 -0.78530900

2.84791500 0.74268500 -0.19877600

2.53327900 3.32777900 -1.08984300

0.43256900 2.85655600 -0.93185300

3.97285400 1.51913400 -0.47809600

3.82105400 2.82955500 -0.91074800

2.35953100 4.33262300 -1.46446400

4.96729500 1.09203100 -0.38351300

4.69206400 3.44113500 -1.13125900

1.70056100 -1.32301200 0.14522400

1.69563900 -2.62120100 0.51056100

2.90347800 -0.67171500 0.16269300

2.83551500 -3.33003600 0.85851500

0.72313700 -3.10343100 0.54090000

4.08561100 -1.32791700 0.50531900

4.06162200 -2.67247600 0.84815500



H 2.75291400 -4.37676700 1.13737200

H 5.02386600 -0.78051400 0.52370900
H 4.97804300 -3.19081200 1.11786400
(0] -0.25759000 0.00894500 -2.14724700
(] 0.25556300 0.01269400 2.15109600
H 0.46285900 0.44766100 -2.63023600
H -0.36895000 -0.85653300 -2.57521800
H -0.48052000 0.42298300 2.63545000
H 0.39953100 -0.84908700 2.57682700

cis-IlI-doublet

Ru -0.00074100 -0.03480400 -0.76008200
N 2.03245200 0.47116700 -0.77284000
C 2.62504200 1.33953000 -1.61669400
C 3.98600700 1.60431200 -1.58401300
C 4.77469100 0.94032600 -0.64539000
C 4.17489900 0.03347200 0.22224100
C 2.80123900 -0.19277300 0.14448500
N 0.71751800 -1.19434100 0.73944000
C -0.06022200 -2.02036100 1.47370900
C 0.46448800 -2.83196300 2.46662600
C 1.83383500 -2.78419200 2.72403400
C 2.63380200 -1.92481900 1.97851700
C 2.06494600 -1.12978700 0.98566400

N -0.68647700 1.26084900 0.64596700



0.10738100

-0.40472500

-1.77917100

-2.59569500

-2.03891800

-2.03181100

-2.61870400

-3.98277600

-4.76925200

-4.16641300

-2.79160300

1.97963800

441375600

5.84555000

4.77857800

-1.12079700

-0.19643300

2.27439700

3.70245900

1.17122800

0.26873000

-2.21074900

-3.66746600

-1.96029300

2.12666800

3.04699200

3.06874600

2.16427900

1.25847300

-0.53815200

-1.52245200

-1.77142500

-0.97504800

0.03913600

0.24414100

1.83643200

2.31720800

1.12323000

-0.49657700

-2.02159300

-3.48846400

-3.40782900

-1.87535100

2.07010500

3.73192000

3.77815700

2.16344600

-2.12508400

1.31481000

2.21482100

2.44790400

1.77656300

0.87680500

-0.68139100

-1.39269800

-1.32028900

-0.48961300

0.24894000

0.14375600

-2.33702200

-2.28392900

-0.59255400

0.95415500

1.23803400

3.02624200

3.49859700

2.16962600

1.10033400

2.72300900

3.15042600

1.95644900

-2.01462000



H -4.41327200

H -5.84107600
H -4.76780400
H 0.27298700
(] 0.48316600
H 1.32614800
H -0.26399200
(0] -0.69362400
H -1.65020500

trans-III-doublet

C -2.88884800

C -4.03110100
C -3.90825500
C -2.63311700
C -1.53234800
N -1.64296100
H -4.79442200
H -5.01640700
H -2.48516600
H -0.52428000
C -2.90741300
C -4.07057700
N -1.67856000

-2.57955500

-1.14355600

0.66282500

-1.32923400

-1.52413300

-2.01269900

1.91805500

1.13161500

1.27390100

0.72258100

1.48123400

2.81228100

3.35089400

2.55424700

1.27978300

3.41053000

1.02989800

4.37222800

2.92791000

-0.69795600

-1.41807200

-1.30172400

-1.90586500

-0.41341000

0.90506900

-3.20231800

-2.27062000

-2.27844000

-2.87163300

-2.49286300

-2.60995300

0.16422900

0.41823300

0.80017600

0.95898800

0.68341000

0.25199600

0.99966700

0.34202900

1.29953500

0.83777100

-0.16707800

-0.43944500

-0.20978500



Ru

-3.99146200 -2.76204000 -0.78413900

-5.03851500 -0.92610800 -0.40187300

-1.61258100 -2.59463500 -0.59614900

-2.73483900 -3.35632800 -0.88181900

-4.89468600 -3.32954400 -0.99670400

-0.61857000 -3.01808700 -0.70333000

-2.61756400 -4.39421600 -1.18194300

-0.00008900 -0.01982600 0.00044500

1.64272400 1.28018400 -0.25149500

1.53165900 2.55482700 -0.68227300

2.88873300 0.72305400 -0.16502000

2.63212100 3.35165200 -0.95858000

0.52344700 2.92854500 -0.83551000

4.03068700 1.48182300 -0.41994000

3.90742700 2.81300400 -0.80128900

2.48379200 4.37314300 -1.29848600

5.01608800 1.03050700 -0.34483900

4.79339100 3.41133200 -1.00143700

1.67893700 -1.30129900 0.21031600

1.61337600 -2.59406800 0.59717300

2.90763800 -0.69750500 0.16622900

2.73593800 -3.35566700 0.88193300

0.61949500 -3.01754600 0.70555100

4.07115100 -1.41753200 0.43746000



C 3.99245000
H 2.61898400
H 5.03903200
H 4.89592800
(] -0.03849800
(] 0.03836900
H 0.75894100
H -0.80755000
H -0.75910300
H 0.80732200

cis-1IlI-quadruplet

Ru 0.00108700
N -1.80454400
C -1.96193500
C -3.19489700
C -4.30843400
C -4.15257500
C -2.89307500
N -1.33330400
C -0.97644500
C -1.87291200
C -3.18630200

-2.76139700

-4.39343100

-0.92555400

-3.32882500

0.03204200

0.03151700

-0.06285300

-0.24967000

-0.06414600

-0.25125800

-0.00106600

1.03447200

2.26884600

2.89739000

2.23096800

0.95577100

0.36322800

-1.41322800

-2.61888700

-3.44711500

-3.01355300

0.78261800

1.18260300

0.39868900

0.99431400

-2.07995500

2.08090700

-2.63205700

-2.60755300

2.63277600

2.60807400

0.36655100

0.33691100

0.86443300

0.92216400

0.41075700

-0.12739600

-0.15351100

-0.51964900

-1.00807600

-1.66760900

-1.83238800



-3.55644100

-2.61655900

1.34186500

0.98924400

1.88809600

3.19939700

3.56586200

2.62347400

1.80466100

1.96138300

3.19379400

4.30996600

4.15590700

2.89602900

-1.06489200

-3.27697700

-5.29134200

-5.01687500

0.06312600

-1.53894200

-3.91532200

-4.57368400

-0.04861100

1.55768000

-1.76335000 -1.34146100

-0.97042300 -0.68857500

1.41671500 -0.51083000

2.62447700 -0.99646900

3.45011400 -1.65645800

3.01146200 -1.82390500

1.75950200 -1.33420600

0.96981000 -0.68097900

-1.03693800 0.33828100

-2.27141100 0.86615000

-2.89915300 0.93227900

-2.23082900 0.42851100

-0.95612700 -0.11112400

-0.36474800 -0.14563300

2.73660600 1.26440900

3.88759900 1.36225800

2.69662200 0.43464700

0.42529500 -0.51765700

-2.90870700 -0.87246600

-4.40857000 -2.04850900

-3.63604400 -2.34651500

-1.40793000 -1.48211600

2.91879300 -0.85708500

4.41368000 -2.03513200



H 3.93001400 3.63165900 -2.33854800

H 4.58171600 1.40073100 -1.47642600
H 1.06164800 -2.74401200 1.25454600
H 3.27415800 -3.88964600 1.37198900
H 5.29337200 -2.69506200 0.45936600
H 5.02226200 -0.42445500 -0.49512800
H -1.26546600 -0.56492000 3.07409000
(0] -0.77395100 -1.09431700 2.42233200
H -1.19729100 -1.96920800 2.44789900
H 1.30589300 1.89136100 2.40362800
[0) 0.72348600 1.11273800 2.38771200
H 1.01322500 0.56276200 3.13612900

trans-1II-quadruplet

C -2.87254300 -0.69979300 -0.21492000
C -4.02286300 -1.43378000 -0.49182900
C -3.91613500 -2.75280800 -0.92680200
C -2.65128900 -3.31385000 -1.09703000
C -1.53874600 -2.54242600 -0.80059000
N -1.63655300 -1.27475100 -0.34585300
H -4.81225800 -3.32952700 -1.14565100
H -5.00439700 -0.98082300 -0.38266700
H -2.52389100 -4.33103600 -1.45762900

H -0.53052800 -2.92578100 -0.94339800



C -2.87258800 0.69983100 0.21480000

C -4.02295700 1.43374300 0.49169700
N -1.63663200 1.27486700 0.34575200
C -3.91632400 2.75278500 0.92664800
H -5.00446000 0.98071300 0.38255300
C -1.53892300 2.54254600 0.80050400
C -2.65151800 3.31390800 1.09689500
H -4.81248900 3.32944600 1.14548200
H -0.53073500 2.92594700 0.94338600
H -2.52419300 4.33110600 1.45748700
Ru -0.00043000 0.00009700 -0.00000400
N 1.63584500 -1.27465800 0.34648000
C 1.53809000 -2.54200600 0.80208100
C 2.87179100 -0.69967300 0.21535500
C 2.65065200 -3.31314500 1.09922800
H 0.52990400 -2.92537700 0.94505300
C 4.02213800 -1.43337900 0.49293100
C 3.91546800 -2.75211700 0.92879600
H 2.52327700 -4.33007300 1.46056100
H 5.00365200 -0.98040700 0.38364500
H 4.81161000 -3.32859400 1.14820300
N 1.63593400 1.27477400 -0.34637200
C 1.53828900 2.54212900 -0.80197600

C 2.87183900 0.69969700 -0.21524100



C 2.65091000 3.31319700 -1.09907900

H 0.53013800 2.92556400 -0.94500900
C 4.02224500 1.43331500 -0.49281100
C 3.91568200 2.75207100 -0.92864600
H 2.52361500 4.33014100 -1.46039400
H 5.00372100 0.98025500 -0.38355600
H 4.81187000 3.32848100 -1.14804300
(0] 0.00324700 0.00455000 2.44717800
0] 0.00401700 -0.00526800 -2.44717300
H 0.66084800 -0.39934800 3.03763800
H -0.65317400 0.40882900 3.03869700
H -0.65256200 -0.40970000 -3.03840800
H 0.66140100 0.39857100 -3.03792000

cis-IV-singlet- cis(OH)2

Ru 0.00044200 -0.88207900 -0.00101400
N 2.04243800 -0.87860700 -0.46123300
C 2.61299200 -1.77083300 -1.29004400
C 3.98087900 -1.77990500 -1.52873300
C 4.78357400 -0.83931000 -0.88991100
C 4.19457300 0.08181100 -0.03101900
C 2.81660900 0.04582700 0.17596300

N 0.74681700 0.73889700 1.14507200



-0.01019600

0.52827600

1.89923400

2.68241200

2.08910900

-0.74799200

0.00785400

-0.53197600

-1.90304500

-2.68499100

-2.09036500

-2.04112900

-2.61037000

-3.97796900

-4.78179700

-4.19416500

-2.81644200

1.93279600

4.40122300

5.85808400

4.80753400

-1.07121000

-0.11654300

2.35544900

1.50747700

2.53102400

2.76946600

1.97555000

0.95317100

0.73890400

1.50821200

2.53155500

2.76897800

1.97433600

0.95222500

-0.88019600

-1.77298200

-1.78263600

-0.84210600

0.07956900

0.04417600

-2.47370000

-2.51935900

-0.82317200

0.81992900

1.26877100

3.12142200

3.56517500

1.94675500

2.71031700

2.63411100

1.80656800

1.06448600

-1.14559000

-1.94769300

-2.71057200

-2.63319700

-1.80517900

-1.06379800

0.46113700

1.29025000

1.53056400

0.89307500

0.03384400

-0.17479400

-1.76400600

-2.20443000

-1.05430300

0.47884700

1.97427900

3.35488600

3.21792600



3.75318800

1.06901100

0.11187800

-2.36031500

-3.75584800

-1.92936700

-4.39723100

-5.85611500

-4.80799200

1.15943300

0.24845100

-0.24625900

-1.15707100

2.14745900

1.27024700

3.12256900

3.56447000

2.14542600

-2.47579500

-2.52251900

-0.82645300

0.81767900

-1.97270800

-1.94388000

-1.94271300

-1.97184100

trans-IV-singlet- cis(OH)2

C

1.74160300

-1.97609300

-3.35554200

-3.21648100

-1.73935300

1.76310800

2.20646600

1.05876100

-0.47499300

1.87132700

1.51701600

-1.52005000

-1.87477500

0.38863100 0.61632800 2.88577800

0.90803100

1.69423100

1.97551400

1.42807300

0.61590300

2.10692900

0.72202200

2.62100300

1.20512500

2.34411500

2.85497200

2.22711500

1.16143400

2.80744100

0.75652700

3.71792600

4.03842600

3.93800700

2.67442600

1.56689500

1.66055200

4.83056300

5.00987600

2.53942600



Ru

1.67022800

-0.38863100

-0.90803100

-0.61590300

-1.69423100

-0.72202200

-1.42807300

-1.97551400

-2.10692900

-1.67022800

-2.62100300

0.00000000

0.17269500

0.15613300

0.05086500

0.10330600

0.15435100

0.00000000

0.04357400

0.09758900

-0.09916200

0.00217000

-0.17269500

-0.15613300

2.56377600 0.56333700

-0.61632800 2.88577800

-1.20512500 4.03842600

-1.16143400 1.66055200

-2.34411500 3.93800700

-0.75652700 5.00987600

-2.22711500 1.56689500

-2.85497200 2.67442600

-2.80744100 4.83056300

-2.56377600 0.56333700

-3.71792600 2.53942600

0.00000000 0.00183400

1.29944400 -1.66030900

2.64290300 -1.56736000

0.72762300 -2.89298600

3.47258800 -2.67633900

3.05478400 -0.56251300

1.51199500 -4.04557700

2.89576100 -3.94213500

4.55030200 -2.54090300

1.04284000 -5.02027400

3.51470300 -4.83489900

-1.29944400 -1.66030900

-2.64290300 -1.56736000



-0.05086500 -0.72762300 -2.89298600

-0.10330600 -3.47258800 -2.67633900

-0.15435100 -3.05478400 -0.56251300

0.00000000 -1.51199500 -4.04557700

-0.04357400 -2.89576100 -3.94213500

-0.09758900 -4.55030200 -2.54090300

0.09916200 -1.04284000 -5.02027400

-0.00217000 -3.51470300 -4.83489900

-1.79808800 0.57584300 0.10518100

1.79808800 -0.57584300 0.10518100

-2.23865600 0.77547500 -0.74290600

2.23865600 -0.77547500 -0.74290600

cis-IV-triplet- cis(OH)2

Ru

-0.00664200 0.01634900 -0.83846300

-1.99514700 -0.56312000 -0.72962700

-2.52371000 -1.54583500 -1.48098900

-3.87700400 -1.84802300 -1.43168800

-4.69761200 -1.10665900 -0.58582200

-4.14555100 -0.08899800 0.18706500

-2.78097900 0.17690200 0.10449700

-0.74724200 1.31936700 0.66630900

-0.03941500 2.25231900 1.32243800

-0.62557900 3.14020200 2.21303100



-1.99770700

-2.73486700

-2.09192600

0.74185600

-0.00249400

0.54203300

1.90931800

2.68230300

2.08077900

2.03314500

2.59858600

3.95447700

4.75314400

4.16877100

2.80087700

-1.81932600

-4.27350300

-5.76317300

-4.78105100

1.02690500

-0.01582300

-2.49334400

-3.80719300

-1.06273800

3.05495800 2.42952300

2.08885700 1.75292000

1.22528400 0.86857000

-1.29228300 0.67373200

-2.19230900 1.33970800

-3.05814900 2.27581400

-2.99225600 2.52960900

-2.06538800 1.84106300

-1.21854000 0.91113200

0.50751800 -0.73946300

1.46897300 -1.49468700

1.75447000 -1.42700900

1.02383500 -0.55184600

0.03648100 0.23273700

-0.21180000 0.12789700

-2.07061700 -2.12379100

-2.64638500 -2.05235300

-1.31526400 -0.52711000

0.49514700 0.84645800

2.27988000 1.10797200

3.88355300 2.71838000

3.73599700 3.11693400

2.01774700 1.91121700

-2.21100400 1.09829200



H -0.09741700 -3.77121800 2.78809300

H 2.37152400 -3.65831700 3.25391600
H 3.75120400 -2.00699500 2.02544100
H 1.92013400 2.00944500 -2.15052300
H 4.36851100 2.53754200 -2.05589400
H 5.81977800 1.22041900 -0.47784100
H 4.77809000 -0.53856100 0.92422200
H -0.43784200 1.05282400 -2.99830200
0] -0.37235700 1.39088200 -2.08418400
(0] 0.30901500 -1.31599500 -2.19135900
H 1.24528500 -1.49898200 -2.38883000

trans-IV-triplet- cis(OH)2

C 0.40649200 0.60716300 2.88155400
C 0.94780300 1.17951000 4.03049500
C 1.76518200 2.29816800 3.92408900
C 2.05336700 2.80493900 2.66093700
C 1.48300300 2.19426300 1.55448900
N 0.64426600 1.15132100 1.65727500
H 2.19564800 2.74854900 4.81499500
H 0.75565500 0.73635100 5.00340000
H 2.72202800 3.64987000 2.52512600

H 1.72596000 2.51878300 0.54690300



Ru

-0.40649200

-0.94780300

-0.64426600

-1.76518200

-0.75565500

-1.48300300

-2.05336700

-2.19564800

-1.72596000

-2.72202800

0.00000000

0.13337400

0.12229800

0.03945300

0.08062700

0.12389800

0.00000000

0.03363000

0.07701300

-0.07630500

0.00154500

-0.13337400

-0.12229800

-0.03945300

-0.60716300

-1.17951000

-1.15132100

-2.29816800

-0.73635100

-2.19426300

-2.80493900

-2.74854900

-2.51878300

-3.64987000

0.00000000

1.31584900

2.65715000

0.73114800

3.48187400

3.07064400

1.50923500

2.89507900

4.56056300

1.03720000

3.50778400

-1.31584900

-2.65715000

-0.73114800

2.88155400

4.03049500

1.65727500

3.92408900

5.00340000

1.55448900

2.66093700

4.81499500

0.54690300

2.52512600

0.01274800

-1.64485800

-1.55505500

-2.87156100

-2.66956000

-0.54976300

-4.02789200

-3.93039100

-2.54230400

-5.00311700

-4.82791800

-1.64485800

-1.55505500

-2.87156100



C -0.08062700 -3.48187400 -2.66956000

H -0.12389800 -3.07064400 -0.54976300
C 0.00000000 -1.50923500 -4.02789200
C -0.03363000 -2.89507900 -3.93039100
H -0.07701300 -4.56056300 -2.54230400
H 0.07630500 -1.03720000 -5.00311700
H -0.00154500 -3.50778400 -4.82791800
(0] -1.86121600 0.46190500 0.03447300
0] 1.86121600 -0.46190500 0.03447300
H -2.18433600 1.13024000 -0.59311000
H 2.18433600 -1.13024000 -0.59311000

cis-IV-singlet- cis(O)(H20)

Ru -0.05986100 0.08473300 -0.90953500
N -2.02470400 -0.46646700 -0.75469000
C -2.61466000 -1.46516900 -1.44284500
C -3.95982400 -1.75404800 -1.29811100
C -4.72043400 -0.97861200 -0.42056200
C -4.11163700 0.04884000 0.29124800
C -2.75130800 0.29572200 0.12071700
N -0.65895700 1.36587100 0.52984900
C 0.11886900 2.29235400 1.11561700

C -0.38271400 3.19967900 2.03828700



-1.73555700

-2.54479900

-1.99341800

0.60011000

-0.21369300

0.23987700

1.59154400

2.43619400

1.91849800

2.02723100

2.67764400

4.03652800

4.75692400

4.09030100

2.71879000

-1.96889500

-4.40127000

-5.78242800

-4.69589500

1.16485600

0.28553300

-2.15866200

-3.60569500

-1.26340300

3.15975300

2.21080700

1.32222000

-1.30784500

-2.17505300

-3.06423600

-3.06202100

-2.16597000

-1.29809100

0.42554900

1.35788400

1.58807600

0.83031600

-0.12869400

-0.31996700

-2.01506900

-2.56286400

-1.17327400

0.65641900

2.29717900

3.93109000

3.86304300

2.17176300

-2.14784700

2.36145400

1.74902900

0.82863800

0.65768600

1.29387900

2.25549800

2.59096200

1.95048100

0.98856700

-0.65191000

-1.38292000

-1.24166100

-0.32074800

0.42921800

0.25286500

-2.12512900

-1.87295200

-0.29214200

0.97662500

0.82444200

2.48369600

3.07369900

1.98049700

1.01123700



H -0.46103800 -3.74364300 2.73233000

H 1.98083100 -3.74566200 3.34088500
H 3.49377800 -2.14315700 2.19770800
H 2.06135800 1.91809800 -2.08362400
H 4.51452000 2.35154200 -1.84902200
H 5.82504200 0.98397800 -0.18806400
H 4.63490200 -0.72874600 1.15253100
(0] -0.07045500 1.28121800 -2.16774800
0] 0.56807900 -1.35418000 -2.47495900
H 1.44999700 -1.73976100 -2.34772300
H 0.63086500 -0.80014900 -3.27802700

trans-IV-singlet- cis(O)(H20)

C 0.00000000 2.95092000 0.19403700
C 0.39804400 4.25258200 0.49304500
C 1.68052900 4.48481400 0.97535100
C 2.52895000 3.40060500 1.17560500
C 2.07674100 2.12913100 0.85114400
N 0.86046600 1.90293800 0.32777100
H 1.99949500 5.49427800 1.22164800
H -0.29913700 5.07861300 0.38307300
H 3.52238700 3.52727700 1.59624500

H 2.68842800 1.25011800 1.03909800



Ru

-1.34693700

-2.33194100

-1.60611000

-3.57285200

-2.12277300

-2.79895300

-3.80699300

-4.34417400

-2.92446700

-4.75568600

0.00000000

1.60611000

2.79895300

1.34693700

3.80699300

2.92446700

2.33194100

3.57285200

4.75568600

2.12277300

4.34417400

-0.86046600

-2.07674100

0.00000000

2.58788600 -0.23556400

3.50644200 -0.59665500

1.24735200 -0.28538300

3.05796800 -1.02971300

4.57155400 -0.55325300

0.81668200 -0.73988600

1.68675500 -1.11789800

3.77086200 -1.31068600

-0.26081900 -0.80529300

1.29286600 -1.47065600

0.00000000 0.16682700

-1.24735200 -0.28538300

-0.81668200 -0.73988600

-2.58788600 -0.23556400

-1.68675500 -1.11789800

0.26081900 -0.80529300

-3.50644200 -0.59665500

-3.05796800 -1.02971300

-1.29286600 -1.47065600

-4.57155400 -0.55325300

-3.77086200 -1.31068600

-1.90293800 0.32777100

-2.12913100 0.85114400

-2.95092000 0.19403700



C -2.52895000 -3.40060500 1.17560500

H -2.68842800 -1.25011800 1.03909800
C -0.39804400 -4.25258200 0.49304500
C -1.68052900 -4.48481400 0.97535100
H -3.52238700 -3.52727700 1.59624500
H 0.29913700 -5.07861300 0.38307300
H -1.99949500 -5.49427800 1.22164800
(0] 0.00000000 0.00000000 -2.17612100
0 0.00000000 0.00000000 1.89432300
H -0.07327900 -0.77265500 -2.75669100
H 0.07327900 0.77265500 -2.75669100

cis-IV-triplet- cis(O)(H20)

Ru -0.05722700 -0.00128500 -0.84348900
N -2.06055200 -0.54034400 -0.67837700
C -2.65272400 -1.54184000 -1.35038900
C -4.01142100 -1.80092800 -1.23692100
C -4.77918100 -0.99382800 -0.40207400
C -4.16612700 0.04136500 0.29555900
C -2.79830800 0.25730700 0.14359300
N -0.70955400 1.36292600 0.53348300
C 0.06113900 2.30848800 1.10083500

C -0.45061600 3.24631700 1.98395900



-1.80786000

-2.60624300

-2.04478800

0.73142500

0.02075100

0.58590900

1.94636900

2.68935600

2.06328500

1.99575700

2.55674800

3.90800200

4.70662400

4.12866100

2.76475300

-2.00134200

-4.45326400

-5.84734500

-4.75532600

1.11032100

0.20864700

-2.24281900

-3.66840700

-1.03820600

3.20796200

2.23400500

1.31445200

-1.30914100

-2.19918700

-2.99112700

-2.85479800

-1.93758700

-1.17085100

0.47304300

1.38814600

1.69677100

1.03852300

0.09246200

-0.18405900

-2.13396500

-2.61723600

-1.16550200

0.67951500

2.30176100

3.99435900

3.93135800

2.19456600

-2.26769000

2.28973100

1.70257500

0.81946100

0.73384300

1.44853000

2.43745600

2.69948800

1.96538300

0.98255200

-0.76477100

-1.57882300

-1.52092600

-0.58979700

0.24868500

0.14887600

-1.98874800

-1.80105600

-0.29508700

0.94804900

0.81896100

2.41460900

2.97471600

1.92672800

1.20506400



H -0.03014000

H 2.42664000
H 3.75197600
H 1.87490500
H 4.31849000
H 5.76907600
H 4.74147100
(0] -0.32582700
0] 0.37566400
H 1.22652200
H 0.34260400

-3.69744700 2.98662800

-3.45702000 3.46678600

-1.82452400 2.16056300

1.86740100 -2.27907300

244111700 -2.19743400

1.25691700 -0.51597100

-0.42984700 0.97783200

1.03124200 -2.23549600

-1.60174200 -2.32585100

-2.07028100 -2.28126800

-1.19787700 -3.21276300

trans-IV-triplet- cis(O)(H20)

C 2.89811600

C 4.08215700

C 4.03018000

C 2.78962100

C 1.64757800

N 1.68959000

H 4.94781500

H 5.04300600

H 2.69940200

H 0.66073500

C 2.85172000

0.65944100 -0.13680800

1.36030600 -0.36149400

2.66821400 -0.82759100

3.23731600 -1.09510500

249151100 -0.84106800

1.25131800 -0.32887400

3.22089800 -1.01270600

0.87765100 -0.20793700

423661900 -1.51096700

2.87435200 -1.08721600

-0.75446900 0.23736800



C 3.97309200 -1.48613300 0.62720400

N 1.62144900 -1.34247400 0.17372100
C 3.84525500 -2.82815000 0.96100400
H 494513700 -1.00444900 0.68147700
C 1.50384700 -2.63497400 0.53101600
C 2.58296000 -3.41299600 0.92077100
H 4.71679100 -3.40441100 1.26148300
H 0.49903100 -3.04725900 0.51342600
H 242818900 -4.45430700 1.18835700
Ru -0.00225000 -0.01610100 -0.16769000
N -1.59683800 1.32481900 0.20453300
C -1.44244700 2.60657000 0.58702200
C -2.84375300 0.77224900 0.24199800
C -2.50458600 3.41184300 0.96807400
H -0.42321400 2.98272800 0.59965800
C -3.94959500 1.53434400 0.61772200
C -3.78578700 2.86791500 0.97036900
H -2.32237400 4.44238900 1.25899500
H -4.93698800 1.08268100 0.64896800
H -4.64478500 3.46805900 1.26007400
N -1.72276000 -1.27169200 -0.27771900
C -1.70961500 -2.52389600 -0.76132000
C -2.91939400 -0.64215600 -0.12634500

C -2.86689000 -3.24118600 -1.02864400



-0.73125400

-4.11830200

-4.09580900

-2.79616100

-5.06695200

-5.02505800

0.08875200

-0.03374900

-0.59287600

0.50834700

cis-V-doublet

Ru

-0.02735800

-2.04285800

-2.60042200

-3.96640400

-4.76930500

-4.18610700

-2.81109500

-0.74570000

0.00019400

-0.55409700

-2.94335200 -0.97808700

-1.31061300 -0.36970700

-2.62866900 -0.80874300

-4.25208700 -1.41946200

-0.79499500 -0.25128000

-3.15625400 -1.00860100

0.04622700 2.13478200

-0.02689500 -1.90533900

0.45182100 2.69275000

-0.63892200 2.67792700

-0.91405700 -0.17511600

-0.92223300 0.36301400

-1.88776300 1.11258300

-1.91807300 1.35876000

-0.92343800 0.80917300

0.07568000 0.03552300

0.06312900 -0.18371200

0.88426000 -1.08077100

1.74452800 -1.79009700

2.83896800 -2.43692200



-1.92824000 3.04238600 -2.34054500

-2.69946700 2.15034400 -1.60520500

-2.09079700 1.06341500 -0.97803800

0.74258100 0.57091900 1.26037400

-0.00999000 1.20404200 2.17358200

0.53090900 2.09160900 3.09229200

1.90233100 2.33050500 3.05696300

2.68303300 1.67393300 2.11338700

2.08210100 0.78835900 1.21794700

2.05176300 -0.78681400 -0.58653500

2.63170800 -1.52288900 -1.55266200

3.99832800 -1.47992500 -1.78894500

4.78994300 -0.65146400 -0.99931500

4.18997100 0.10996300 -0.00263300

2.81193700 0.03074700 0.19445900

-1.91371700 -2.63189100 1.50843200

-4.38438500 -2.71613100 1.96549300

-5.84344400 -0.92310800 0.97765700

-4.80485000 0.85545000 -0.39928500

1.06466100 1.52643900 -1.84221600

0.08148800 3.50786400 -3.00996400

-2.39828000 3.88737400 -2.83766500

-3.77287700 2.29769500 -1.52743600

-1.07354000 0.97268300 2.16441400



-0.11204600 2.57655600

2.36243600 3.01923500

3.75471800 1.84836600

3.82125000

3.76126300

2.08086700

H 1.96060800
H 4.42492100
H 5.86455600
H 4.79598700
(0] -0.27160200
0] 0.26330800
H 1.19616600

trans-V-doublet

C 2.89931200

C 4.06465500

C 3.97908700

C 2.72297500

C 1.60012700

N 1.68118000

H 4.88269400

H 5.03605400

H 2.60601300

H 0.60089200

C 2.88079700

-2.14810900 -2.13716900

-2.09165600 -2.57877500

-0.59731900 -1.15513600

0.76095200 0.62095600

-1.68059500 -1.66785100

-2.16947300 1.19578200

-2.29258300 1.45682700

0.67718800 -0.16325200

1.40381100 -0.40524500

2.72578800 -0.82201600

3.28924200 -1.02488100

2.51960600 -0.76119900

1.26256200 -0.29802900

3.29770400 -1.01763000

0.93004200 -0.29810100

4.30280000 -1.39713900

2.89978900 -0.95568100

-0.73971200 0.18810200



Ru

4.01887000

1.65971300

3.90932900

4.98718600

1.55342200

2.64929500

4.79268200

0.54961800

2.50579200

0.00529000

-1.61243000

-1.45886200

-2.85936900

-2.53465800

-0.43635200

-3.97866200

-3.82014200

-2.35887200

-4.97154900

-4.68877200

-1.72301900

-1.69437800

-2.92040700

-2.84268900

-1.45912100

-1.34236900

-2.79693300

-0.96798500

-2.61955000

-3.38576200

-3.36320400

-3.02764900

-4.41815700

-0.02843000

1.30644400

2.57197500

0.76339400

3.38472100

2.92247100

1.53608600

2.86080100

4.40298000

1.09758800

3.46792000

-1.29627900

-2.56811100

-0.65314600

-3.28921800

0.54787500

0.15867400

0.90348300

0.57327900

0.55680700

0.92160200

1.18781400

0.61312700

1.22661000

-0.08682000

0.25788000

0.68434200

0.20695100

1.00629600

0.79339200

0.51662900

0.90256200

1.34089000

0.47829100

1.14526100

-0.22148200

-0.64854600

-0.14849500

-0.94157800



H -0.71262000
C -4.10950800
C -4.07566500
H -2.75991800
H -5.05906500
H -4.99808400
(0] 0.14441900

(0] -0.08500600

H -0.62304300

cis-V-quadruplet

Ru -0.03394500
N -2.07532900
C -2.69471700
C -4.05937200
C -4.80041900
C -4.15890500
C -2.78712400
N -0.70077400
C 0.07146300

C -0.42317500

C -1.76655100

C -2.56878000

C -2.01962000

-3.00853200 -0.79319900

-1.32504400 -0.42758900

-2.65912800 -0.81300600

-4.31796100 -1.27983800

-0.80086900 -0.37126100

-3.18889600 -1.03736400

-0.02869100 1.82996000

0.02676300 -1.79904000

0.10448500 2.41190400

-0.02676500 -0.91624000

-0.49473600 -0.72880300

-1.38072800 -1.52979900

-1.61369000 -1.43954700

-0.90292200 -0.50026600

0.02724600 0.31063700

0.23009500 0.17807700

1.31621100 0.61411300

2.22753000 1.22814700

3.08302100 2.20169800

2.98917300 2.55191200

2.05085600 1.91366700

1.22117300 0.93760500



0.75750900

0.05863800

0.63517200

1.99055100

2.71957500

2.08357200

1.98843700

2.52726900

3.88048100

4.69400500

4.13354400

2.76912600

-2.06182400

-4.52493500

-5.87230400

-4.73088100

1.11108300

0.23647400

-2.18934800

-3.62127000

-0.99688600

0.03162800

2.47889100

3.77779300

-1.34744800

-2.24881600

-3.02864400

-2.86267400

-1.92924800

-1.17886900

0.49566100

1.41191600

1.71320100

1.04391600

0.09296600

-0.17884300

-1.88182000

-2.33389900

-1.05918500

0.60402800

2.26916600

3.80993200

3.64415300

1.97259500

-2.34084400

-3.74916100

-3.45472100

-1.79254000

0.66458100

1.37482100

2.36800700

2.63771400

1.90850000

0.92025400

-0.80368900

-1.63169600

-1.60117600

-0.69131000

0.15666800

0.08843600

-2.25846500

-2.10622100

-0.40699600

1.03172700

0.91191700

2.66670500

3.30961800

2.17056700

1.12273900

2.91262700

3.40787600

2.11225500



H 1.83392900 1.88796800 -2.32217300

H 4.28102100 2.45446600 -2.28672700
H 5.75993100 1.25344300 -0.64357000
H 4.76430000 -0.44188200 0.86083400
(] -0.38477600 1.17583000 -2.15750600
(] 0.27718500 -1.40220400 -2.20270100
H 0.57941700 -2.24083100 -1.80397800

trans-V-quadruplet

C -2.92441200 -0.64703700 -0.26252600
C -4.09141100 -1.32940700 -0.59837300
C -4.01892300 -2.66106800 -0.98905200
C -2.77514200 -3.28367800 -1.05585600
C -1.64570500 -2.55303700 -0.72072100
N -1.72222400 -1.27922800 -0.30042400
H -4.92300800 -3.20099700 -1.25935200
H -5.04951700 -0.81787400 -0.57249900
H -2.67117000 -4.31562500 -1.37819000
H -0.64757200 -2.97556000 -0.80151800
C -2.86311300 0.74892900 0.15030100
C -3.97597200 1.52084500 0.47494500

N -1.60401900 1.25599300 0.27110400



C -3.80101200 2.80407000 0.97747000

H -4.97486200 1.10810500 0.36435500
C -1.43784800 2.46979400 0.82625300
C -2.50780200 3.27689200 1.18105200
H -4.66288200 3.41255900 1.23957100
H -0.41350300 2.78139000 1.01001900
H -2.32099900 4.25249300 1.62025200
Ru -0.00703100 -0.08534400 0.01747300
N 1.73763100 -1.25648500 0.33521700
C 1.73100400 -2.53692000 0.73757400
C 2.91415200 -0.58817300 0.20869000
C 2.90020600 -3.23200000 1.01073400
H 0.75260400 -2.99901500 0.85522700
C 4.12006600 -1.23474300 0.47824100
C 4.11533000 -2.56669800 0.87511300
H 2.85013100 -4.26886700 1.33038300
H 5.06095500 -0.69945700 0.38913600
H 5.05213500 -3.07629700 1.08648500
N 1.54327400 1.31128500 -0.31973000
C 1.35736400 2.52988300 -0.85633400
C 2.80752300 0.80567200 -0.22848100
C 241275200 3.34133200 -1.24463700
H 0.32693200 2.84391000 -0.99727700

C 3.90425300 1.58602600 -0.58768100



3.71110000

2.20907100

4.90942100

4.56393600

-0.15709900

0.20966500

0.55004900

cis-VI-singlet

Ru

0.00005500

-2.05008400

-2.59851500

-3.96485200

-4.77629300

-4.20041000

-2.82181400

-0.77143400

-0.05455100

-0.64342700

-2.02421200

-2.76604400

-2.12064900

0.77127400

2.86855200

4.31870600

1.18323400

3.47756300

-0.14760500

-0.45440900

-0.58937000

-0.96142800

-0.91099300

-1.78698500

-1.81490300

-0.90911000

-0.00073100

-0.01119000

0.77678100

1.58050100

2.57961000

2.73818700

1.90173400

0.91330500

0.77704700

-1.08720000

-1.67218000

-0.50316600

-1.37632100

1.98601300

-1.76458100

2.48455800

-0.00007100

0.51549700

1.37334300

1.60981600

0.93266800

0.05058600

-0.15547900

-1.14138500

-1.93623800

-2.69923600

-2.63026500

-1.80426000

-1.06007000

1.14087800



0.05430200

0.64318100

2.02406500

2.76598800

2.12057600

2.05022900

2.59879100

3.96509200

4.77634900

4.20033700

2.82181100

-1.90663800

-4.37541100

-5.85223900

-4.82829000

1.01833800

-0.02905300

-2.52324000

-3.84460400

-1.01866600

0.02873300

2.52310800

3.84463200

1.90706300

1.58067300

2.57924400

2.73729200

1.90097300

0.91317500

-0.91122900

-1.78710000

-1.81455600

-0.90834000

-0.00010500

-0.01110000

-2.46395400

-2.53771400

-0.90660500

0.70998200

1.39948300

3.20694000

3.50465400

2.01684100

1.40005000

3.20653200

3.50324000

2.01562100

-2.46438300

1.93574500

2.69944300

2.63125200

1.80519000

1.06018100

-0.51532600

-1.37319900

-1.60999000

-0.93320400

-0.05104700

0.15543100

1.86991700

2.30891000

1.08924100

-0.47869300

-1.96224500

-3.33865000

-3.21810100

-1.74777100

1.96112600

3.33882700

3.21975400

1.74940000

-1.86955200



H 4.37573000

H 5.85224600
H 4.82807400
(0] -0.40736800
(] 0.40731100

trans-VI-singlet (u)

C -2.90659600
C -4.06220400
C -3.96876000
C -2.71086400
C -1.59635300
N -1.68890800
H -4.86635500
H -5.03273700
H -2.58324900
H -0.59410000
C -2.90659600
C -4.06220400
N -1.68890800
C -3.96876000
H -5.03273700
C -1.59635300

C -2.71086400

-2.53729800

-0.90536800

0.71099900

-1.74771800

-1.74739100

0.71080400

1.43277500

2.76691800

3.35057200

2.58409700

1.31418200

3.33362000

0.94682400

4.37702400

2.98249100

-0.71080400

-1.43277500

-1.31418200

-2.76691800

-0.94682400

-2.58409700

-3.35057200

-2.30910900

-1.09011400

0.47787700

-1.43705300

1.43713600

0.17041800

0.46572900

0.84104400

0.94806400

0.64146900

0.22131000

1.07577700

0.42879100

1.27913800

0.76739700

-0.17041800

-0.46572900

-0.22131000

-0.84104400

-0.42879100

-0.64146900

-0.94806400



Ru

-4.86635500

-0.59410000

-2.58324900

0.00000000

1.68890800

1.59635300

2.90659600

2.71086400

0.59410000

4.06220400

3.96876000

2.58324900

5.03273700

4.86635500

1.68890800

1.59635300

2.90659600

2.71086400

0.59410000

4.06220400

3.96876000

2.58324900

5.03273700

4.86635500

-3.33362000

-2.98249100

-4.37702400

0.00000000

1.31418200

2.58409700

0.71080400

3.35057200

2.98249100

1.43277500

2.76691800

4.37702400

0.94682400

3.33362000

-1.31418200

-2.58409700

-0.71080400

-3.35057200

-2.98249100

-1.43277500

-2.76691800

-4.37702400

-0.94682400

-3.33362000

-1.07577700

-0.76739700

-1.27913800

0.00000000

-0.22131000

-0.64146900

-0.17041800

-0.94806400

-0.76739700

-0.46572900

-0.84104400

-1.27913800

-0.42879100

-1.07577700

0.22131000

0.64146900

0.17041800

0.94806400

0.76739700

0.46572900

0.84104400

1.27913800

0.42879100

1.07577700



(0] 0.00000000

(0] 0.00000000

cis-VI-triplet

Ru 0.00024000
N 2.05238600
C 2.60445500
C 3.96889100
C 4.78105100
C 4.20489300
C 2.82988000
N 0.77808200
C 0.03918700
C 0.60349100
C 1.98150500
C 2.74627000
C 2.12257600
N -0.77997700
C -0.04294100
C -0.60864300
C -1.98633900
C -2.74915100
C -2.12442700

N -2.04917800

0.00000000

0.00000000

-0.09294800

0.42942100

1.23665900

1.48499600

0.87665000

0.04488000

-0.17533900

-1.10450600

-1.85878100

-2.57809200

-2.50943400

-1.72682900

-1.02731400

1.25396200

2.15854400

3.06890400

3.03455300

2.09671000

1.20931300

-0.59837100

-1.71302900

1.71302900

-0.94353700

-0.88188600

-1.80597700

-1.83478100

-0.88263000

0.07183700

0.05897100

0.85252200

1.67971800

2.72350900

2.90925400

2.05208600

1.01930500

0.61671100

1.27788300

2.15919500

2.35645200

1.67036400

0.79439500

-0.77722400



-2.59736500

-3.96156800

-4.77773300

-4.20558400

-2.82981000

1.91645600

4.37757700

5.85522800

4.82793300

-1.03073300

-0.02802700

2.45941800

3.82305900

1.02698700

0.02187600

-2.46542400

-3.82550700

-1.90630600

-4.36741300

-5.85227600

-4.83268100

0.26166400

-0.26313200

-1.57757400

-1.82767300

-1.03656100

-0.02840500

0.18356800

1.67568400

2.13998500

1.04481800

-0.43516600

-1.88653600

-3.18300500

-3.06374700

-1.66881600

2.14833900

3.79023800

3.73398700

2.06294200

-2.15202000

-2.62456700

-1.19997200

0.59360700

-1.56607200

1.18579000

-1.51932300

-1.50253300

-0.69991400

0.06920500

0.01991000

-2.52496900

-2.59888000

-0.88133500

0.82110900

1.48251700

3.36781300

3.71337300

2.18403200

1.07880200

2.67126900

3.03708200

1.81339100

-2.13238500

-2.11901300

-0.67095300

0.70138400

-1.78888000

-2.06112500



trans-VI-triplet

C -2.89038600 0.70398200 0.19343500
C -4.04246600 1.42431900 0.50657100
C -3.93923800 2.74607500 0.91972900
C -2.67672200 3.31961700 1.04085600
C -1.56617900 2.55661100 0.71455000
N -1.66675500 1.29650700 0.26213800
H -4.83258100 3.31213300 1.17160700
H -5.01596800 0.94555100 0.45496200
H -2.54438100 4.33784200 1.39483900
H -0.55986500 2.94607400 0.84129000
C -2.89038600 -0.70398200 -0.19343500
C -4.04246600 -1.42431900 -0.50657100
N -1.66675500 -1.29650700 -0.26213800
C -3.93923800 -2.74607500 -0.91972900
H -5.01596800 -0.94555100 -0.45496200
C -1.56617900 -2.55661100 -0.71455000
C -2.67672200 -3.31961700 -1.04085600
H -4.83258100 -3.31213300 -1.17160700
H -0.55986500 -2.94607400 -0.84129000
H -2.54438100 -4.33784200 -1.39483900
Ru 0.00000000 0.00000000 0.00000000
N 1.66675500 1.29650700 -0.26213800
C 1.56617900 2.55661100 -0.71455000



C 2.89038600 0.70398200 -0.19343500

C 2.67672200 3.31961700 -1.04085600
H 0.55986500 2.94607400 -0.84129000
C 4.04246600 1.42431900 -0.50657100
C 3.93923800 2.74607500 -0.91972900
H 2.54438100 4.33784200 -1.39483900
H 5.01596800 0.94555100 -0.45496200
H 4.83258100 3.31213300 -1.17160700
N 1.66675500 -1.29650700 0.26213800
C 1.56617900 -2.55661100 0.71455000
C 2.89038600 -0.70398200 0.19343500
C 2.67672200 -3.31961700 1.04085600
H 0.55986500 -2.94607400 0.84129000
C 4.04246600 -1.42431900 0.50657100
C 3.93923800 -2.74607500 0.91972900
H 2.54438100 -4.33784200 1.39483900
H 5.01596800 -0.94555100 0.45496200
H 4.83258100 -3.31213300 1.17160700
0 0.00000000 0.00000000 -1.81353600
0 0.00000000 0.00000000 1.81353600

II) G09-optimized geometries

cis-II-singlet-0

Ru -0.00001800 -0.00008500 -0.77702000



2.01673300

2.63326500

3.99490700

476192500

4.13781200

2.76435700

0.66556100

-0.11164400

0.39004500

1.75023300

2.55636800

2.00359200

-0.66536600

0.11193100

-0.38973400

-1.75001300

-2.55624300

-2.00347400

-2.01669600

-2.63313200

-3.99480000

-4.76186300

-4.13778800

-2.76431200

0.48455500

1.40982100

1.66156900

0.92703700

-0.03427100

-0.24445300

-1.27857900

-2.14691600

-2.99576200

-2.95392600

-2.05864800

-1.22389000

1.27860300

2.14680700

2.99596600

2.95462100

2.05944000

1.22431300

-0.48473400

-1.41045900

-1.66209200

-0.92700300

0.03468700

0.24473400

-0.72017600

-1.48292100

-1.40285100

-0.50106900

0.28390900

0.16127900

0.64340600

1.32571800

2.29941600

2.59558700

1.90561800

0.93482900

0.64334600

1.32571300

2.29915500

2.59496800

1.90498000

0.93450600

-0.71988100

-1.48216300

-1.40203600

-0.50074500

0.28380600

0.16119400



H 1.99182900
H 4.44079300
H 5.83159700
H 4.72079100
H -1.16639900
H -0.28219900
H 2.17628600
H 3.61952400
H 1.16675400
H 0.28259300
H -2.17606100
H -3.61946500
H -1.99153000
H -4.44067300
H -5.83155300
H -4.72080900
H 1.17281500
(0] 0.47052800
H 0.73505000
H -0.73006100
¢} -0.47175900
H -1.17887600

trans-II-singlet-0

1.95224100

2.42039200

1.09827100

-0.62065600

-2.14326700

-3.67608500

-3.60590500

-2.00544600

2.14279000

3.67615600

3.60688400

2.00658200

-1.95327600

-2.42127600

-1.09813600

0.62143100

-1.08887600

-1.39645500

-2.29597100

2.29693500

1.39546500

1.09051100

-2.17466000

-2.03985400

-0.41186300

0.98903700

1.06270100

2.81462900

3.35362500

2.12398400

1.06295900

2.81443700

3.35276500

2.12311000

-2.17343300

-2.03861900

-0.41154700

0.98860200

-3.04464900

-2.44607100

-2.19052000

-2.19139900

-2.44643100

-3.04065400



Ru

2.84387900

3.96250200

3.80016500

2.50839100

1.43585000

1.58095800

4.66633200

4.96040800

2.32639900

0.41160400

2.91034500

4.09970600

1.71053300

4.08732500

5.03517400

1.71780200

2.86531100

5.00972800

0.74890000

2.79161500

0.00040100

-1.58974600

-1.45781100

-2.84798800

0.75323200 -0.20207400

1.53958100 -0.47937900

2.85158800 -0.90355900

3.34149200 -1.07693600

2.51675000 -0.77463400

1.25825800 -0.30731200

3.47073500 -1.12220400

1.11943600 -0.38979200

4.34711800 -1.44555400

2.85423800 -0.91687400

-0.66324200 0.15020200

-1.31539400 0.47560800

-1.32149500 0.14069000

-2.66273900 0.80831300

-0.76299900 0.48778600

-2.62285700 0.49530300

-3.32775400 0.82607400

-3.17759100 1.06419900

-3.11155300 0.53106900

-4.37724400 1.09701800

-0.06011500 0.01089500

1.24773900 0.32056600

2.50040200 0.80676300

0.74101400 0.17821300



C -2.53928700 3.32067200 1.08835400

H -0.43784500 2.83469600 0.98323500
C -3.97476700 1.52393200 0.43112600
C -3.82510300 2.83198800 0.87197600
H -2.36908100 4.32170000 1.47463600
H -4.96944300 1.10376800 0.31109300
H -4.69762500 3.44849300 1.07212200
N -1.70259600 -1.33362100 -0.12507100
C -1.70087200 -2.63924400 -0.46171200
C -2.90164900 -0.67597600 -0.17474600
C -2.83864200 -3.34783700 -0.81742100
H -0.73249100 -3.13011300 -0.46135000
C -4.08102500 -1.33071200 -0.52945400
C -4.05957700 -2.68149000 -0.84719500
H -2.75793700 -4.40103700 -1.07141200
H -5.01524800 -0.77799000 -0.57513800
H -4.97401000 -3.19852600 -1.12621600
(0] 0.25644200 0.01808900 2.15975500
0 -0.26906900 -0.00089900 -2.13728500
H -0.52782200 0.31356400 2.65184100
H 0.52170400 -0.82097900 2.57244400
H 0.44394000 0.44427000 -2.62529400
H -0.37234800 -0.86903800 -2.56180100

cis-II-singlet-1



Ru

0.00463700

2.06617900

2.78223900

4.13331300

4.77752400

4.05780500

2.69848200

0.55477300

-0.29747100

0.09801600

1.41272500

2.29085700

1.85474400

-0.50225900

0.34910600

-0.03132200

-1.35637800

-2.23466300

-1.82371800

-2.05944200

-2.79087800

-4.13585300

-4.76650700

-4.03821300

-0.85027900 -0.16142700

-0.73430300 -0.43996700

-1.39926000 -1.36829400

-1.17589400 -1.57026600

-0.22061300 -0.77935600

0.44994500 0.19810100

0.17298000 0.36842500

0.30238300 1.39011600

0.71611100 2.35242300

1.57036100 3.36666800

2.04137200 3.38286200

1.62373500 2.39560200

0.74138200 1.40407700

0.86112200 -1.16486000

1.62128300 -1.88041300

2.80387500 -2.48204900

3.24474100 -2.29697200

2.48428100 -1.55974500

1.25596000 -0.99569400

-0.82957500 0.12750800

-1.77504600 0.75488200

-1.62707600 1.01993300

-0.42626000 0.62520200

0.54771400 -0.01844700



C -2.66566600 0.35210000 -0.28612800

H 2.23161100 -2.12686200 -1.96237300
H 4.66683100 -1.73322100 -2.33467300
H 5.83477100 -0.00991600 -0.92037500
H 4.55018900 1.18312900 0.83124400
H -1.31441000 0.33908700 2.28222500
H -0.62061200 1.86791100 4.12462900
H 1.74673000 2.72409600 4.15992500
H 3.32019900 1.97200000 2.39638700
H 1.36855400 1.24856100 -1.96230700
H 0.68644800 3.37264300 -3.06334700
H -1.68698300 4.18333500 -2.73490300
H -3.25895800 2.81784500 -1.41748700
H -2.24567900 -2.66465600 1.06715600
H -4.67908200 -2.41585300 1.52966500
H -5.82279100 -0.27046800 0.82871900
H -4.51870400 1.47281500 -0.32619900
H 0.16707700 -3.55551600 0.37297300
0 0.32217900 -2.74082000 0.88169100
H 1.12603000 -2.89180000 1.40673700
H -0.24361000 -2.01491300 -2.73358800
¢} -0.60219700 -2.15774400 -1.84079400
H -1.57108500 -2.10497200 -1.94325000

trans-II-singlet-1



C -2.89060900 0.72471300 0.13899900

C -4.02908800 1.52052100 0.35197700
C -3.89311400 2.84189300 0.72407100
C -2.60540800 3.36438200 0.92096300
C -1.51804600 2.55083800 0.67724700
N -1.63138900 1.27520400 0.24407600
H -4.77261000 3.45812100 0.89190300
H -5.01861500 1.08437400 0.24641200
H -2.45042300 4.38217800 1.26554200
H -0.50649900 2.90627100 0.85431300
C -2.91918000 -0.68068900 -0.14617600
C -4.09074200 -1.41979200 -0.38457000
N -1.68340100 -1.29928400 -0.18913600
C -4.01895500 -2.75956300 -0.70195700
H -5.05651600 -0.92431600 -0.33528900
C -1.63546400 -2.60204900 -0.55426200
C -2.75538900 -3.36427600 -0.81070000
H -4.92505600 -3.33033500 -0.88761500
H -0.64270800 -3.02956300 -0.66435300
H -2.64494000 -4.40600300 -1.09593700
Ru 0.00002500 -0.02402800 0.00002900
N 1.63144000 1.27518400 -0.24396000
C 1.51803800 2.55088900 -0.67695900

C 2.89066300 0.72478100 -0.13910500



C 2.60539600 3.36443800 -0.92074300

H 0.50646700
C 4.02910700
C 3.89310900
H 2.45035400
H 5.01864100
H 4.77258600
N 1.68352400
C 1.63558500
C 2.91924400
C 2.75555100
H 0.64283700
C 4.09081200
C 4.01906200
H 2.64510200
H 5.05655800
H 492517100
(0] -0.04647500
0 0.04592400
H 0.76279000
H -0.79888400
H -0.76367500
H 0.79806500

mono-cis-II-singlet-0

2.90635000

1.52048800

2.84194100

4.38229500

1.08428900

3.45816000

-1.29922200

-2.60201700

-0.68069600

-3.36423600

-3.02956500

-1.41967200

-2.75950200

-4.40601200

-0.92413100

-3.33023800

0.01122400

0.01059600

-0.19004100

-0.39742700

-0.19111400

-0.39817100

-0.85380400

-0.35227300

-0.72419800

-1.26513100

-0.24697600

-0.89215100

0.18909500

0.55407600

0.14616900

0.81049900

0.66407100

0.38465000

0.70195900

1.09556800

0.33551800

0.88769400

-2.07789800

2.07798000

-2.57972400

-2.54035400

2.57910200

2.54076400



Ru

-0.01985800

1.97077500

2.52470100

3.88097500

4.70567800

4.14282300

2.77238300

0.70552900

-0.05609500

0.48145700

1.85210700

2.63613800

2.05426500

-0.73054400

0.02585700

-0.51010200

-1.88278800

-2.66792100

-2.08097700

-2.04394700

-2.63512000

-4.00621400

-4.80373600

-4.20258500

-0.19924400 -0.80309400

0.35745400 -0.92960400

1.10625900 -1.90310800

1.39663000 -1.94270500

0.89412000 -0.93810000

0.12525400 0.07354600

-0.13046200 0.06205000

-1.01677300 0.85620200

-1.67029900 1.76149000

-2.24185400 2.90326200

-2.14047100 3.13176400

-1.45988900 2.20997500

-0.89425700 1.07650700

1.42009700 0.18983000

244619600 0.63185400

3.53859600 1.29543200

3.58084400 1.52187500

2.52376100 1.07916800

1.44681000 0.41814700

-0.67184100 -0.66899800

-1.77198600 -1.17438100

-1.97562400 -1.11742700

-1.00487000 -0.51748500

0.13629300 0.00136500



C -2.82011900 0.28756200 -0.08338600

H 1.83989000 1.48090300 -2.66296500
H 4.27744300 2.00605600 -2.74996000
H 5.77285800 1.10044300 -0.94092200
H 4.76879700 -0.27263100 0.86806300
H -1.11755100 -1.72321800 1.53616900
H -0.17388600 -2.75839800 3.59887100
H 2.30267700 -2.58082500 4.01732300
H 3.70633900 -1.36002300 2.37106400
H 1.09105600 2.37021400 0.42994400
H 0.14515800 4.33972400 1.62529300
H -2.33675500 4.42320000 2.03737700
H -3.74087600 2.53596000 1.24972100
H -1.96800800 -2.49090700 -1.64422300
H -4.43489800 -2.87893800 -1.54204500
H -5.88189200 -1.13041500 -0.45799400
H -4.81205500 0.90792700 0.46364000
H 1.07627100 -1.95089800 -2.72629800
0 0.47260500 -2.02989500 -1.96842600
H 0.80127000 -2.79053400 -1.46062000

mono-trans-II-singlet-0

C 2.90993900 -0.59467300 0.00980800

C 4.10718700 -1.28478100 0.19539800

C 4.08428800 -2.59262600 0.66312900



Ru

2.85681200 -3.17187400 0.97207400

1.69978300 -2.43830100 0.75675000

1.70648300 -1.19089600 0.24684000

5.01192700 -3.13953500 0.81157400

5.05634500 -0.79281600 0.00119800

2.78897000 -4.17579500 1.38143900

0.72325700 -2.83913100 1.01706700

2.82735600 0.81089200 -0.38394600

3.90762000 1.53908000 -0.87814300

1.58881000 1.37822400 -0.24224000

3.74013000 2.86917100 -1.24179800

4.87499400 1.05945100 -1.00008500

1.43919800 2.66361300 -0.62584300

2.47673100 3.43900300 -1.11946600

4.57705700 3.44349500 -1.63072700

0.43451900 3.06905700 -0.55404200

2.28615700 4.46811400 -1.41033900

0.00279900 0.01876200 0.05898000

-1.54769500 -1.34624900 -0.30166000

-1.36127200 -2.61667500 -0.71377300

-2.80610600 -0.81991400 -0.39343400

-2.38777800 -3.42077300 -1.18567200

-0.33984300 -2.98412200 -0.68125100

-3.87725500 -1.57925900 -0.85993900



C -3.67468900
H -2.17053500
H -4.86571700
H -4.50406100
N -1.72727800
C -1.75762100
C -2.91812000
C -2.93192700
H -0.79136400
C -4.13248800
C -4.14530900
H -2.88826700
H -5.06877700
H -5.08739600
(0] -0.06165500
H 0.70197200
H -0.85028200

mono-cis-II-triplet-1

Ru -0.16418000
N 1.85577600
C 2.19951800
C 3.49495600
C 4.48495200

C 4.14082100

-2.89677400

-4.43678000

-1.13530700

-3.49569200

1.21319500

2.47400400

0.58187000

3.17886900

2.91924100

1.24180300

2.55652800

4.19456900

0.72106900

3.07797100

-0.16044300

0.24123100

0.24800000

-0.39409900

0.16168700

0.68667900

1.07130400

0.90037700

0.35668600

-1.25091800

-1.50275600

-0.93962900

-1.61819200

0.22765100

0.70675100

0.00693000

0.92234600

0.93304700

0.19513000

0.64203200

1.30521300

0.01448500

0.79108800

2.16173300

2.61280900

2.56149000

-0.72233900

-1.11018500

-2.30434800

-2.61295400

-1.64826200

-0.41736900



2.81807900

1.04115400

0.53562400

1.31762800

2.68024300

3.20944300

2.36497900

-0.84503700

-0.06198400

-0.57387700

-1.94881700

-2.76033500

-2.19524800

-2.17744100

-2.77264600

-4.13714400

-4.92756200

-4.32207400

-2.94352600

1.38901000

3.71663900

5.51400000

4.90374700

-0.53711600

-0.00761300 -0.15818500

-0.85772800 1.18876400

-1.36380000 2.32135900

-1.63392200 3.43777300

-1.35701600 3.37302400

-0.82143000 2.20434200

-0.57917000 1.11893200

1.34888500 0.11971500

2.39899300 0.44144800

3.57769400 0.95754800

3.68119100 1.15958300

2.59970100 0.84444200

1.43610700 0.32453900

-0.79276300 -0.49914700

-1.96378400 -0.80765400

-2.16336600 -0.67641300

-1.11558400 -0.20797900

0.08858100 0.12659600

0.23388900 -0.01893300

0.79967500 -3.02346600

1.49296300 -3.58915700

1.18635900 -1.85171400

0.21657300 0.34312100

-1.55622600 2.32090600



H

0.86521700 -2.04933000

3.32680000 -1.55284900

4.27117900 -0.59763200

1.00287200 2.26798800

0.09766200 4.39790500

-2.38350900 4.59299700

-3.83362500 2.65996400

-2.11250200 -2.75397300

-4.56769200 -3.12553900

-6.00230300 -1.23700900

-4.92191300 0.91296000

0.01658000 -2.45498700

0.31251600 -2.30458400

1.23940400 -2.59649800

mono-trans-II-triplet-1

-2.91974600 0.54808000

-4.13469300 1.21384200

-4.14964000 2.52004700

-2.94162100 3.13103500

-1.76528400 2.42361500

-1.73587100 1.17016900

-5.09214000 3.04597900

-5.06904500 0.70511200

-2.90535700 4.13967700

4.33397000

4.22495400

2.14604700

0.26560000

1.19441900

1.56128900

1.00232600

-1.15755300

-0.93867300

-0.09932700

0.50226100

-2.63355900

-1.72025700

-1.69544200

-0.01562300

0.14483900

0.61562300

0.94344400

0.75303400

0.25789800

0.74529700

-0.07560900

1.34504600



Ru

-0.80144700 2.85150800 1.02113200

-2.79782300 -0.84347600 -0.43891300

-3.85588000 -1.60020200 -0.93844400

-1.54272300 -1.37437600 -0.32423400

-3.63834300 -2.91080300 -1.34397500

-4.84469500 -1.15972600 -1.03166900

-1.34075300 -2.63893500 -0.74511100

-2.35306400 -3.43726500 -1.25398400

-4.45744700 -3.50595100 -1.73971600

-0.32033800 -3.00729600 -0.68199700

-2.12937700 -4.44984300 -1.57716800

-0.00008900 -0.00003300 0.12135500

1.54282800 1.37463500 -0.32390900

1.34107000 2.63923700 -0.74464200

2.79777800 0.84346700 -0.43894000

2.35341600 3.43736400 -1.25380800

0.32078600 3.00789900 -0.68116300

3.85586500 1.59991700 -0.93882600

3.63851500 2.91058200 -1.34428100

2.12986800 4.45001800 -1.57684800

4.84453600 1.15919800 -1.03241700

445762800 3.50551800 -1.74032400

1.73575200 -1.17012400 0.25789900

1.76509500 -2.42358000 0.75311300



C 2.91962300 -0.54810200 -0.01561500

C 2.94140200 -3.13100300 0.94358800
H 0.80122500 -2.85138800 1.02121500
C 413456700 -1.21388500 0.14492500
C 4.14945600 -2.52005600 0.61576700
H 2.90514200 -4.13961600 1.34526300
H 5.06893500 -0.70516700 -0.07547300
H 5.09193000 -3.04601500 0.74552700
0] 0.00030700 -0.00012000 2.57485800
H -0.76999300 0.01813600 3.16262300
H 0.77171700 -0.01706300 3.16120400

mono-TS-triplet-1

C 2.82196600 0.16491900 -0.04011500
C 4.11733900 0.68351500 -0.09254900
C 4.39547600 1.78241800 -0.89444100
C 3.36597200 2.35104600 -1.64114800
C 2.09827100 1.79818600 -1.54951400
N 1.81719800 0.73269600 -0.77024500
H 5.40314500 2.18823500 -0.93739100
H 4.91129900 0.22610400 0.49099500
H 3.53601300 3.20934300 -2.28495400
H 1.25670000 2.20937600 -2.10549000

C 2.44377300 -1.00096100 0.76800700



C 3.32975700 -1.69344300 1.59480300

N 1.14517200 -1.38432500 0.66154000
C 2.87635900 -2.79307300 2.31397200
H 4.36696200 -1.38193300 1.68227100
C 0.71449700 -2.44574400 1.36008900
C 1.54456000 -3.18106400 2.19547800
H 3.55756600 -3.34025100 2.96112000
H -0.33663200 -2.70229200 1.23708300
H 1.15163400 -4.03483200 2.74035400
Ru -0.11641300 -0.09615200 -0.67626100
N -0.99773900 1.40210900 0.45416100
C -0.36280200 2.46004600 0.99987200
C -2.34639600 1.25713900 0.64790600
C -1.02331300 3.42446200 1.74232500
H 0.70791200 2.51331900 0.81985800
C -3.05617400 2.19852000 1.38984100
C -2.39607800 3.29198300 1.93790400
H -0.46795500 4.25995200 2.15860200
H -4.12478900 2.07937100 1.54419200
H -2.94794600 4.02935300 2.51559600
N -2.07101100 -0.76520000 -0.59372500
C -2.53320600 -1.90644600 -1.14171100
C -2.94699900 0.06315100 0.05021200

C -3.87049500 -2.26938700 -1.09845900



-1.78552400 -2.53966300 -1.61676200

-4.30286200 -0.25161200 0.12139600

-4.77318800 -1.42295400 -0.45988600

-4.19161700 -3.20034600 -1.55699300

-4.99404400 0.41490200 0.62958400

-5.82970600 -1.67326800 -0.40947300

0.46809100 -1.29959000 -2.44973400

1.39553800 -1.30168600 -2.73992000

-0.06520100 -1.28943600 -3.26131600
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. NMR:

Figure S1. 1D and 2D NMR spectra (500 MHz, 298K, CD,Cl,) for complex
[Ru"(bid)(bpy)Cl] (1): (a) 'H-NMR, (b) COSY, (c) NOESY (d)
DEPTQI35 (¢) HSQC and (f) HMBC
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Figure S2. 1D and 2D NMR spectra (500 MHz, 298K, DMF-d¢;) for
complex [Ru''(bid)(4,4’-(Me0)2bpy)Cl] (1d): (a) '"H-NMR, (b) COSY, (c)
NOESY (d) DEPTQ135 (¢) HSQC and (f) HMBC.
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Figure S3. 1D and 2D NMR spectra (400 MHz, 298K, DMF-¢;) for
complex [Ru''(bid)(4,4>-(Et0C0)ybpy)Cl] (1w) (a) 'H-NMR, (b) COSY,
(¢) NOESY (d) DEPTQ135 (e) HSQC and (f) HMBC.
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1. UV-vis:

Figure S4. UV-vis, 0.036 mM in DCM, of (a) [Ru'(bid)@4,4’-
(Me0)bpy)CI] (1d), (b) [Ru'(bid)(4,4’-(EtOCO0)sbpy)CI] (1w), (c)
[Ru"(bid)(bpy)CI] (1), e) [Ru'"(trpy)(bpy)CI] (2)
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|I1. Electrochemistry:

Figure S5. Cyclic voltammograms in DCM, of (a) Ru''(bid)(4,4’-
(MeO)ybpy)Cl (0.51 mM), (b) Ru''(bid)(4,4>-(EtOCO)sbpy)Cl (0.26
mM). (c) Ru'""(bid)(acac)Cl (1.9 mM), (d) Ru"(bid)(bpy)Cl (0.66 mM),
(e) Ru''(trpy)(bpy)Cl (0.65 mM)
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11, X-Ray:

- The cif file for complex 1 is adjointed with the following code:
LVOO09Rub_Om

|V. Catalytic experiments

Table S1. Formic acid produced (TON) by the different catalysts over time.

1 iw id 2
Time
(min) | (TON) | (TON) | (TON) | (TON)
15 16 18 11 0
30 52 61 47 0
105 256 300 202 <1
115 273 341 222 <1
130 310 388 246 1
2700 793 988 615 44
5520 1074 1309 856 44
10080 | 1090 1354 880 ----




V. Optimized structures

All molecular geometries were fully optimized in 2,2,2-Trifluoroethanol as solvent at
the MO06-L level of density functional theory (DFT) using the Stuttgart [8s7p6d2f |
6s5p3d2f] ECP28MWB! contracted pseudopotential basis set on Ru, the 6-31G(d, p)
basis set was employed for the relevant atoms involved in the reaction and MIDI!
iiminimal basis set on all other atoms in Gaussian 09 programiii to account for solvation
SMD at the M06-LVlevel was used. The basis sets employed for each molecule is
described in detail in the Supporting Information. The starting structures were taken
from experiment, when available. Integral evaluation made use of the grid defined as
“ultrafine” in the Gaussian 09 program. In addition, an automatically generated
density-fitting basis set was used within the resolution-of-the-identity approximation
for the evaluation of Coulomb integrals. The nature of all stationary points was verified
by analytic computation of vibrational frequencies, which were also used for the
computation of molecular partition functions and 298 K thermal contributions to free
energies at the respective temperatures, invoking the usual rigid-rotator, harmonic-
oscillator, ideal-gas approximation. Additional single point calculations were run for all
structures in Trifluoroethanol as solvent at the M06-L level using the Stuttgart
[8s7p6d2f | 6s5p3d2f] ECP2BMWB contracted pseudopotential basis set on Ru and the
6-311+G (2df, p) basis set on all other atoms.

Frequencies computed with the smaller basis set were used to compute thermal
contributions to AG. Those thermal contributions were added to single-point energies
obtained with the larger basis set to compute what might be called "composite" free
energies. Thus, composite free energy was computed as follows:

AG(composite)= AG(small basis)+ [AE(large basis)-AE(small basis)]




Tables with selected bond distances and angles:
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Table S2. Significant structural parameters for the corresponding Ru-H species

Ru- Ru- Ru- Ru- Ru- N1-Ru- | N1- X1- N1-Ru-
Ru-H | N1 N2 N3 X1 X2 N3 Ru-H Ru-H X2
2 1.638 | 2.068 | 1.949 | 2.068 | 2.149 | 2.077 | 158.4 90.4 168.1 100.8
1w | 1.643 | 2.100 | 2.019 | 2.110 | 2.156 | 2.037 | 176.3 87.1 173.9 93.2
1w’ | 1.643 | 2.079 | 2.014 | 2.096 | 2.175 | 2.068 | 177.7 88.0 174.6 92.2
1 1.647 | 2.095 | 2.017 | 2.106 | 2.167 | 2.060 | 177.2 87.9 174.0 92.5
1d 1.653 | 2.109 | 2.021 | 2.114 | 2.155 | 2.058 | 176.7 87.9 174.1 92.8
1d’ | 1.651 | 2.097 | 2.013 | 2.101 | 2.176 | 2.090 | 177.7 88.6 174.3 92.0
3 1.650 | 2.065 | 1.985 | 2.065 | 2.178 | 2.119 | 179.0 89.5 178.1 89.9

Table S3. Significant structural parameters for the corresponding Ru-H2 Species

N1- N1-

Ru- Ru- H1- Ru- Ru- Ru- Ru- Ru- Ru- Ru-

H1 H2 H2 alpha | N1 N2 N3 X1 X2 N3 H1
2 1.755 | 1.756 | 0.835 86.1 | 2.097 | 1.980 | 2.099 | 2.070 | 2.070 | 157.4 | 78.8
1w | 1.745 | 1.747 | 0.837 2.1 | 2.124 |1 2.036 | 2.124 | 2.063 | 2.078 | 176.6 | 88.9
1w’ | 1.744 | 1.742 | 0.840 7.6 | 2.110 | 2.033 | 2.113 | 2.076 | 2.093 | 177.4 | 90.1
1 1.741 | 1.739 | 0.841 4.4 | 2.119 | 2.034 | 2.121 | 2.074 | 2.087 | 177.1 | 89.7
id 1.739 | 1.737 | 0.842 7.2 | 2.127 |1 2.035 | 2.122 | 2.069 | 2.086 | 176.7 | 87.9
id’ | 1.734 | 1.737 | 0.845 4.4 | 2.116 | 2.031 | 2.117 | 2.083 | 2.103 | 177.5 | 89.8
3 1.714 | 1.725 | 0.853 0.3 | 2.088 | 2.011 | 2.088 | 2.062 | 2.110 | 179.3 | 89.7
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Table S4. Significant structural parameters for the corresponding Ru-Cl species

Ru- Ru- Ru- Ru- Ru- N1- N1- X1- N1-

Ru-Cl | N1 N2 N3 X1 X2 Ru-N3 | Ru-Cl | Ru-CI Ru-X2
2 2.456 | 2.071 | 1.955 | 2.071 | 2.041 | 2.081 | 159.0 89.6 172.9 100.5
1w | 2.478 | 2.106 | 2.017 | 2.113 | 2.016 | 2.048 | 177.0 88.2 175.1 92.7
1w’ | 2.478 | 2.106 | 2.017 | 2.113 | 2.016 | 2.048 | 177.0 88.2 175.1 92.7
1 2.488 | 2.098 | 2.014 | 2.108 | 2.029 | 2.064 | 177.3 88.6 174.7 | 92.5
id 2.494 | 2.109 | 2.016 | 2.115 | 2.021 | 2.062 | 177.0 88.3 174.9 | 92.6
1d’ | 2.493 | 2.099 | 2.011 | 2.102 | 2.045 | 2.086 | 177.8 88.6 174.5 | 91.6
3 2.490 | 2.069 | 1.990 | 2.069 | 2.059 | 2.098 | 178.7 89.3 178.5 | 90.0
NQ_H‘U_XE

Table S5. Significant structural parameters for

the corresponding Ru-H-CO,

species
N1- X2-
Ru-H- | O1- Ru- Ru- Ru- Ru- Ru- Ru- N1- Ru-
Ru-H C C-02 | N1 N2 N3 X1 X2 N3 Ru-H | H

2 1.828 | 125.9 | 134.7 | 2.080 | 1.969 | 2.074 | 2.044 | 2.066 | 158.4 | 97.3 | 97.3
1w 1.846 | 129.4 | 33.5 | 2.110 | 2.021 | 2.113 | 2.029 | 2.057 | 176.9 | 954 | 90.4
iw’ 1.872 | 132.2 | 133.8 | 2.098 | 2.017 | 2.110 | 2.034 | 2.073 | 177.3 | 95.04 | 95.8
1 1.846 | 129.4 | 133.5 | 2.110 | 2.021 | 2.113 | 2.029 | 2.057 | 176.9 | 95.43 | 90.3
id 1.864 | 167.7 | 133.2 | 2.113 | 2.021 | 2.120 | 2.020 | 2.059 | 176.2 | 94.6 | 91.3
1d’ 1.841 | 129.1 | 133.2 | 2.109 | 2.017 | 2.108 | 2.041 | 2.076 | 177.4 95.9 90.9
3 1.829 | 123.0 | 132.5 | 2.081 | 1.997 | 2.079 | 2.050 | 2.098 | 179.0 86.8 98.1




Table S6. Significant structural parameters for the corresponding Ru-O1-CHO2

species

Ru- Ru- 01-C- | X1-Ru- Ru- Ru- Ru- Ru- Ru- N1- N1-

01 01-C 02 01-02 N1 N2 N3 X1 X2 Ru-N3 Ru-O
2 2.103 | 126.8 | 128.4 | -165.0 2.071 | 1,955 ] 2.071 | 2.044 | 2.074 | 158.8 86.5
1w 2.119 | 125.8 | 128.8 | -139.5 2.104 | 2.012 | 2.101 | 2.019 | 2.038 | 176.5 84.4
1w’ | 2.125 | 126.6 | 128.8 | -142.9 2.091 | 2.011 | 2.091 | 2.041 | 2.066 | 177.7 84.5
1 2.130 | 126.8 | 128.9 | -139.7 2.100 | 2.012 | 2.099 | 2.032 | 2.054 | 177.3 84.1
id 2.137 | 127.6 | 129.1 | -145.8 2.111 | 2.014 | 2.106 | 2.023 | 2.054 | 176.6 84.0
id’ 2.131 | 127.3 | 129.0 | -143.5 2.097 | 2.008 | 2.094 | 2.048 | 2.076 | 177.7 84.6
3 2.133 | 125.5 | 128.7 | -166.4 2.071 | 1.993 | 2.063 | 2.060 | 2.094 | 176.9 86.6

Table S7. Significant structural parameters for the corresponding transition state:

Ru-H---CO2

Ru-H- | O1- Ru- Ru- Ru- Ru- Ru-

Ru-H H-C C C-02 | 01-C | C-02 N1 N2 N3 X1 X2
2 1.685 | 1.617 | 129.1 | 151.8 | 1.196 | 1.196 2.072 | 1.957 | 2.075 | 2.113 | 2.069
1w | 1.685 | 1.679 | 126.2 | 153.4 | 1.192 | 1.194 2.098 | 2.017 | 2.116 | 2.112 | 2.036
iw’ | 1.681 | 1.673 | 127.9 | 153.4 | 1.192 | 1.193 2.087 | 2.014 | 2.101 | 2.133 | 2.067
1 1.687 | 1.700 | 125.3 | 153.7 | 1.192 | 1.193 2.099 | 2.015 | 2.112 | 2.125 | 2.061
id 1.688 | 1.718 | 125.7 | 154.0 | 1.191 | 1.192 2.108 | 2.017 | 2.120 | 2.115 | 2.057
1d’ | 1.687 | 1.714 | 124.7 | 153.7 | 1.192 | 1.193 2.098 | 2.013 | 2.110 | 2.137 | 2.085
3 1.672 | 1.732 | 125.3 | 154.8 | 1.191 | 119.092 | 2.073 | 1.989 | 2.082 | 2.145 | 2.106
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Table S7. Significant structural parameters for the corresponding transition state:

Ru-H--H-OCHO

Ru-
Ru- Ru- H1- H1- H1- Ru- Ru- Ru- Ru- Ru-
H1 H2 H2 H2 H2-0 | H2_0 | N1 N2 N3 X1 X2

2 1.720 | 2.083 | 0.913 | 100.1 | 1.395 | 162.9 | 2.084 | 1.967 | 2.080 | 2.084 | 2.073

iw | 1.730 | 2.205 | 0.940 | 107.6 | 1.324 | 166.8 | 2.130 | 2.029 | 2.122 | 2.094 | 2.082

iw’ | 1.733 | 2.189 | 0.924 | 107.0 | 1.344 | 168.2 | 2.099 | 2.021 | 2.106 | 2.086 | 2.070

1 1.731 | 2.197 | 0.938 | 107.0 | 1.325 | 167.6 | 2.118 | 2.023 | 2.112 | 2.085 | 2.070

id 1.733 | 2.225 | 0.940 | 109.0 | 1.315 | 168.7 | 2.116 | 2.023 | 2.121 | 2.076 | 2.060

id"” | 1.723 | 2.205 | 0.945 | 108.0 | 1.311 | 167.7 | 2.113 | 2.019 | 2.107 | 2.099 | 2.093

3 1.717 | 2.155 | 0.966 | 103.3 | 1.303 | 166.7 | 2.074 | 1.995 | 2.078 | 2.102 | 2.115
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Table S8. Significant structural parameters for the corresponding transition state:

Ru-H--H-Nme

Ru-
Ru- Ru- H1- H1- H1- Ru- Ru- Ru- Ru- Ru-
H1 H2 H2 H2 H2-N | H2_N | N1 N2 N3 X1 X2

2 1.724 | 2.026 | 0.877 | 96.9 1.624 | 144.0 | 2.088 | 1.970 | 2.079 | 2.075 | 2.071

iw | 1.722 | 2.063 | 0.893 | 99.2 1.535 | 148.0 | 2.111 | 2.024 | 2.109 | 2.069 | 2.047

iw’ | 1.718 | 2.070 | 0.900 | 99.7 1.516 | 147.0 | 2.096 | 2.070 | 2.102 | 2.088 | 2.070

1 1.720 | 2.100 | 0.907 | 101.7 | 1.494 | 149.4 | 2.109 | 2.022 | 2.106 | 2.084 | 2.064

id 1.719 | 2.128 | 0.918 | 103.4 | 1.463 | 150.5 | 2.114 | 2.023 | 2.114 | 2.078 | 2.059

id’ | 1.715 | 2.123 | 0.920 | 103.2 | 1.464 | 150.0 | 2.105 | 2.018 | 2.103 | 2.098 | 2.086

3 1.695 | 2.094 | 0.953 | 100.8 | 1.430 | 149.2 | 2.072 | 2.000 | 2.074 | 2.102 | 2.107




[Ru(Trpy)(bpy)Cl]**
Ru 0.03543800 0.00051600 -0.43157800
Cl -0.54405700 0.00225100 -2.81773900

-0.33526200 2.03621500 -0.35541300
-0.33427000 -2.03552000 -0.35845100
2.09163400 0.00143000 -0.75392700
0.75783000 -0.00123600 1.47700400
-2.53209100 -1.19532100 0.12371900
-2.53270000 1.19421800 0.12532600
-3.89745700 1.20926400 0.42270100
-4.42762400 2.15495300 0.53514700
-4.57648400 -0.00137000 0.57351000
-5.64186000 -0.00179400 0.80700300
-3.89683200 -1.21145600 0.42111400
-4.42651000 -2.15757100 0.53230000
-1.65485300 -2.35137300 -0.07899800
-2.07739700 -3.68126100 -0.00852300
-3.12286600 -3.90638800 0.20298600
-1.16363200 -4.71060700 -0.21450500
-1.48716100 -5.75109200 -0.16235300
0.16712400 -4.39019500 -0.49028400
0.91261900 -5.16772600 -0.65835900
0.54223000 -3.05302200 -0.55591200
1.56883100 -2.75869200 -0.77846900
-1.65606400 2.35099200 -0.07576800
-2.07935800 3.68055700 -0.00370500
-3.12498400 3.90484900 0.20793600
-1.16614100 4.71066200 -0.20831700
-1.49025700 5.75090300 -0.15495900
0.16483100 4.39132600 -0.48430800
0.90991200 5.16948000 -0.65134700
0.54070100 3.05444600 -0.55151000
1.56750900 2.76096600 -0.77424100
2.71787400 0.00344400 -1.96318200
2.05526100 0.00441700 -2.83050500
4.10023100 0.00420900 -2.09402200
454510300 0.00585800 -3.08953200
4.89685200 0.00290900 -0.94589500
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5.98529700 0.00352800
4.27667200 0.00086300
4.87477100 0.00002500
2.87985400 0.00015500
2.12951900 -0.00171100
2.71397700 -0.00383200
3.79910400 -0.00444500
1.91241800 -0.00532700
2.36311700 -0.00704000
0.52409800 -0.00460900
-0.14347700 -0.00565700
-0.01474500 -0.00257500
-1.09281200 -0.00201300
-1.87222600 -0.00029600

Z T o @oD o @ 60 @D 0 60 60 T O I

[Ru(Trpy)(bpy)?*

0.04515700 -0.00012100
-0.33379000 2.04682100
-0.33560900 -2.04676400
2.08973100 -0.00091500
0.64094500 -0.00026400
-2.55993300 -1.19304600
-2.55888300 1.19504900
-3.94130300 1.21255900
-4.47703300 2.15870900
-4.63018100 0.00192600
-5.71071700 0.00240400
-3.94237800 -1.20931900
-4.47895700 -2.15498300
-1.66850600 -2.35338000
-2.09158100 -3.67772900
-3.14446500 -3.89597900
-1.16447200 -4.71236900
-1.48756900 -5.74976600
0.17720800 -4.40192000
0.93283300 -5.18369400
0.55370200 -3.06821200
1.59071900 -2.78175300
-1.66644900 2.35459900
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-1.01949200
0.29823300
1.20912600
0.37763200
1.62882300
2.90007000
2.99566300
4.03539700
5.02861400
3.87886800
4.74081100
2.60000100
2.44248200
-0.00272800

-0.63895400
-0.55646500
-0.55643000
-0.88739800
1.25152800
-0.21478400
-0.21487000
-0.02169400
0.04768600
0.07386300
0.22187000
-0.02165300
0.04776400
-0.32546900
-0.20317700
-0.02294200
-0.30463500
-0.20809100
-0.52723200
-0.60778200
-0.64622000
-0.82517000
-0.32566600
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-2.08842000
-3.14114300
-1.16041800
-1.48264800
0.18102600
0.93732700
0.55639900
1.59318900
2.75208200
2.12294300
4.13887500
4.62517900
4.88788800
5.97824200
4.22409800
4.78965900
2.82644200
2.00723600
2.51046800
3.58805300
1.64271900
2.03326900
0.26706500
-0.45107400
-0.20046800
-1.26714400
-1.89711700

3.67932500 -0.20363100
3.89850000 -0.02357500
4.71316400 -0.30511800
5.75084800 -0.20877200
4.40154500 -0.52749400
5.18266300 -0.60804900
3.06750100 -0.64628000
2.78013600 -0.82508200
-0.00144100 -2.07409900
-0.00150300 -2.96633500
-0.00185700 -2.15107600
-0.00228800 -3.12673000
-0.00169300 -0.97062200
-0.00197000 -1.00333500
-0.00117500 0.25184000
-0.00104700 1.18323000
-0.00083800 0.27539000
-0.00048000 1.48080400
-0.00045400 2.78446700
-0.00063100 2.94340400
-0.00022000 3.87024800
-0.00019400 4.88840200
-0.00003800 3.63187000
0.00012400 4.45201000
-0.00006400 2.32554300
0.00006400 2.10865900
0.00070600 -0.31051900

[Ru(Trpy)(bpy) (Hz)]?*

Ru

N
N
N
N
C
C
C
H
C

0.04116200
-0.33586400
-0.35488200

2.10277000

0.65227800
-2.56978900
-2.55876400
-3.93485800
-4.46165900
-4.62755400

-0.00315400 -0.68583100
2.05682200 -0.54893000
-2.05732500 -0.54582800
-0.01209900 -0.87579300
-0.00255300 1.29181400
-1.18295900 -0.20606900
1.20162500 -0.20796100
1.22585500 0.02739100
2.17442900 0.12517100
0.01917900 0.13608400
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-5.70331000
-3.94631600
-4.48192800
-1.68521300
-2.11266800
-3.16473200
-1.18975300
-1.51588400
0.15127300
0.90373000
0.53128800
1.56765100
-1.66384500
-2.08096600
-3.13150000
-1.14970600
-1.46787600
0.18895100
0.94763300
0.55841000
1.59254300
2.78348200
2.17037200
4.17063000
4.66596800
4.90649700
5.99717400
4.22659100
4.78201600
2.82811500
2.01186100
2.53053700
3.60808600
1.66841400
2.06790500
0.29112700
-0.41875500
-0.18001000
-1.24879000
-1.90935600

0.02433800
-1.19390800
-2.13733000
-2.34951000
-3.66935300
-3.87930400
-4.70884200
-5.74238800

-4.40932900
-5.19526500
-3.07969000
-2.80003400

2.36048300
3.68433800

3.90369400
471613400

5.75281800
4.40498600
5.18460200
3.07146900
2.78253100

-0.02064500
-0.02431900
0.02484000
-0.03214400
0.01939100
-0.02196000
0.01097000
-0.00706600
0.00810900
-0.00172000
0.00427000

0.00477400
0.00999900
0.01510900
0.00906700

0.01311600
0.00248900

0.00105900

0.00614500

0.31532100
0.02911600
0.12868000
-0.30290500
-0.14486600
0.04846100
-0.22652000
-0.10239400
-0.46538300
-0.53206700
-0.61849900
-0.81168300
-0.30807500
-0.15668700
0.03445200
-0.24292000
-0.12446000
-0.47937500
-0.54950900
-0.62576500
-0.81716400
-2.05432500
-2.95613600
-2.11620500
-3.08727300
-0.92881900
-0.94803900
0.28412400
1.22138100
0.29430500
1.50668000
2.80531200
2.96102800
3.89610600
4.91108300
3.67195000
4.49895200
2.36518500
2.15225300
-0.34259400




H -0.27267900 0.41749100
H -0.21809700 -0.41605200
[Ru(Trpy)(bpy)(H)]**

Ru -0.00871400 0.00049600
N -0.38840300 2.03154600
N -0.38792000 -2.03073200
N 2.05295000 0.00106500
N 0.75145500 -0.00092200
C -2.59320200 -1.19582300
C -2.59349400 1.19569800
C -3.96433000 1.20838900
H -4.49332000 2.15576900
C -4.65195900 -0.00048700
H -5.72392700 -0.00070200
C -3.96402900 -1.20908900
H -4.49279500 -2.15668500
C -1.71089500 -2.34981500
C -2.12051200 -3.67945800
H -3.16476400 -3.90019800
C -1.19647100 -4.70959700
H -1.50918800 -5.74890500
C 0.13580200 -4.38914800
H 0.89168100 -5.16700500
C 0.49963100 -3.05587500
H 1.52691900 -2.76447000
C -1.71148600 2.35004500
C -2.12146200 3.67945800
H -3.16578600 3.89973000
C -1.19768000 4.70995500
H -1.51066800 5.74908600
C 0.13469400 4.39009100
H 0.89037700 5.16824600
C 0.49888600 3.05703600
H 1.52627400 2.76610000
C 2.68514800 0.00254600
H 2.02758400 0.00329400
C 4.06547100 0.00309300
H 450622600 0.00429900

-2.36099700
-2.37248700

-0.65216100
-0.57710000
-0.57904100
-0.90569700
1.35767600
-0.15575100
-0.15469600
0.10938000
0.21347100
0.23455300
0.43550600
0.10836500
0.21165200
-0.29788400
-0.15630000
0.06731200
-0.29287900
-0.18279700
-0.57057800
-0.68347800
-0.70436200
-0.92720600
-0.29575800
-0.15303500
0.07072000
-0.28867200
-0.17770000

-0.56657000

-0.67874100

-0.70148400

-0.92448300

-2.11708600

-2.98619900

-2.25309000

-3.25049200




4.86650200 0.00212500 -1.10699700
5.95474400 0.00255700 -1.18314200
4.24681200 0.00063900 0.13645700
4.84595300 0.00000400 1.04670700
2.84959900 0.00013000 0.22374500
2.11755700 -0.00129400 1.48972000
2.72434200 -0.00296600 2.75249400
3.81046800 -0.00338600 2.83829800
1.93375000 -0.00421000 3.89616400
2.39693600 -0.00555800 4.88401600
0.54238200 -0.00373300 3.76006400
-0.11108600 -0.00465500 4.63290800
-0.00701300 -0.00208800 2.48400300
-1.08797100 -0.00171200 2.32950100
-1.92550000 0.00008600 -0.30279900
-0.26055000 0.00130500 -2.27085600

T Z2 T©T O - o @D O T O O 0O &= 0O I O

TS = [Ru(Trpy)(bpy) (H—H—NMe3s)?*

0.17760600 0.01735100 -0.27117900
0.59044200 1.96601800 -0.86821100
-0.80358800 -1.54287600 0.70990000
1.83695400 -0.99576900 -0.98501300
1.50834700 0.19118200 1.31173700
-2.24915100 0.29348900 1.28571700
-1.44959200 2.33647200 0.34486500
-2.52828100 3.03218200 0.89461400
-2.62963200 4.10563900 0.73712800
-3.47445900 2.33552000 1.64849700
-4.32222600 2.86716400 2.08201200
-3.33509700 0.96211000 1.85522700
-4.06772600 0.41865200 2.45122100
-1.94261900 -1.13770400 1.38701600
-2.72047400 -2.05411400 2.09906400
-3.61831700 -1.71694500 2.61762700
-2.34182500 -3.39328300 2.14722300
-2.94404500 -4.11418000 2.70188800
-1.18297800 -3.79484200 1.48099400
-0.85119800 -4.83305600 1.49958800
-0.44523600 -2.84963500 0.77609900
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0.45928800
-0.34469200
-0.20174400
-0.95022500
0.89827200
1.01699300
1.84372500
2.72023300
1.65913600
2.36958700
1.92619700
1.04415300
3.06025100
3.07527400
4.16371500
5.06776200
4.09046600
4.93727200
2.92448500
2.74045200
3.71359200
4.68269100
3.44069000
4.19528800
2.19133600
1.93905500
1.25594800
0.27095900
-1.33785100
-0.55036300
-1.27603800
-2.66384500
-2.69574000
-1.72438300
-2.87707900
-3.49486000
-3.88675500
-4.05976700
-3.77132000
-4.77591900

-3.12252200
2.89456100
4.25116300
4.96366200
4.68568500
5.74373500
3.74977800
4.05082400
2.40878200
1.64319300
-1.60692500
-1.52398400
-2.29131700
-2.76101400
-2.36556700
-2.89723200
-1.75078100
-1.79761100
-1.07346400
-0.39865600
-0.33289800
-0.80660100
0.33776300
0.39194000
0.93831300
1.47603900
0.84757700
1.30552900
0.98499700
-0.07054800
-0.49640900
-1.14448900
-2.59758600
-3.03225000
-2.80435300
-3.08655400
-0.50059400
-0.80069200
0.59591800
-0.78749700

0.23034400
-0.43996800
-0.73952900
-0.39164100

-1.47381700
-1.71129200
-1.89626600
-2.47048000
-1.57817300
-1.89266200
-2.19953000
-2.83587100
-2.61431800
-3.59808100
-1.75969500
-2.05970600
-0.51497700

0.16943300
-0.14187200
1.14146100
2.14437400

1.99318000
3.33115200
4.11716700
3.49776900
4.41176900
2.47492100
2.56849100

0.53417000
-1.83177900
-1.58603900
-2.12445200
-1.90035100
-2.19219600
-0.83351700
-2.49474300
-1.62039400
-0.57491500
-1.66660000
-2.21897100




-2.48993100 -0.85343000 -3.55687600
-2.43216800 0.23797500 -3.70370900
-1.55019100 -1.30937200 -3.91146600
-3.32913100 -1.25191200 -4.16053200

T~ T T O

TS = [Ru(Trpy)(bpy) (H—CO2]*+

-0.04455300 0.02905600 -0.36221100
0.39185700 -0.11817000 -1.98323900
0.60968200 -1.88626000 0.09673000
0.03671600 2.08272800 -0.60996900
-2.03700500 -0.31666300 -0.79994100
-0.98202300 0.21510400 1.52175400
2.29255100 1.67132200 0.09605500
2.62470700 -0.65655600 0.52283100
3.95694700 -0.41875700 0.86611600
4.60471200 -1.24299700 1.16363000
4.45395100 0.88480900 0.81800900
5.49428900 1.08126200 1.07991000
3.62093100 1.93734400 0.43488900
4.00588500 2.95615800 0.39733100
1.27433900 2.63818600 -0.31577300
1.48591100 4.01644700 -0.41073400
246758600 4.43041500 -0.17950600
0.44422600 4.85450700 -0.79550700
0.60405900 5.93099000 -0.87027600
-0.80355100 4.29550300 -1.08136900
-1.64594600 4.91824400 -1.38356300
-0.96904100 2.91975500 -0.98009100
-1.92409200 2.44175800 -1.20203500
1.93164700 -1.94553800 0.51491600
2.51466500 -3.15938400 0.88864900
3.55493200 -3.18359500 1.21323300
1.76483100 -4.33076500 0.84667300
2.21407700 -5.28150900 1.13703300
0.43302600 -4.26885700 0.42921900
-0.18633400 -5.16490700 0.38283300
-0.10632400 -3.04163200 0.06448200
-1.13883400 -2.94846200 -0.27614900
-2.52441800 -0.57482200 -2.04783200
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-1.78006600 -0.61184700 -2.84400300
-3.87240700 -0.78456400 -2.30155200
-4.20138300 -0.98676100 -3.32130000
-4.78457100 -0.73287700 -1.24321400
-5.84967400 -0.89554000 -1.41392500
-4.30910000 -0.46784200 0.03577200
-4.99940100 -0.42107000 0.87792200
-2.94049800 -0.26080500 0.24223800
-2.34429500 0.03195800 1.54441400
-3.06535200 0.12788800 2.74073800
-4.14487400 -0.01911700 2.74067300
-2.39906800 0.41082900 3.92756900
-2.95367700 0.48747100 4.86394700
-1.01398900 0.59437700 3.90159000
-0.45563300 0.81683300 4.81116600
-0.34374600 0.48931700 2.68929800
0.73679100 0.62628900 2.62243500
1.81416800 0.38397600 0.13736400
1.13831600 -1.34198700 -2.73115800
0.24229400 -2.04407400 -3.09709800
2.29735000 -1.05258000 -2.68262200
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[Ru(Trpy)(bpy) (H-COz]*+

0.06952400 -0.00648200 -0.35316900
-0.06444500 2.05641600 -0.52560100
-0.53916300 -1.95880400 0.02886900
2.06780800 -0.29226200 -0.79357500
0.93234200 0.15601200 1.49322600
-2.58284100 -0.79152100 0.51232700
-2.31308300 1.55391000 0.16182300
-3.65155300 1.77443700 0.49380500
-4.06698000 2.78146000 0.47841600
-4.45480000 0.68720100 0.84005200
-5.50243600 0.84643600 1.09814100
-3.92409400 -0.60381000 0.85214000
-4.55306800 -1.45378400 1.11484200
-1.85660800 -2.06499700 0.44418800
-2.41309000 -3.30771100 0.75312800
-3.45178400 -3.37328600 1.07646800

=]
=1

Z 0O O @m o X O @Z-D 0 o0 60 Z 2 2 Z




o O T O =z o O o O @D O - 0 o0 o - o@D o @T O @D O @I 60O @D 6O T O @D O o0 @D O - 60O @I O

-1.63795300
-2.06698300
-0.31153400
0.32545900
0.20125100
1.23076100
-1.31902300
-1.57405400
-2.56873200
-0.55613500
-0.74986900
0.70860400
1.53176000
0.91688500
1.88700300
2.57205500
1.83335500
3.93162700
4.28278000
4.82614200
5.89907200
4.32610500
5.00220200
2.94823800
2.30671200
2.98941000
4.07595900
2.28114400
2.80843400
0.88885200
0.29572500
0.25026600
-0.83381800
-1.80407900
-1.06420700
-0.39231400
-2.25677600
-0.38356600

-4.45961600
-5.43354000
-4.34884300
-5.22783300
-3.09097400
-2.95684900
2.56248900
3.93404900
4.31290900
4.81288700
5.88522300
4.30182200
4.95764900
2.92868300
2.48573800
-0.54615200
-0.63197200
-0.70305100
-0.90384400
-0.60272900
-0.72164500
-0.35264600
-0.27682900
-0.20080500
0.05576800
0.18988900
0.11146200
0.42254200
0.52912700
0.51728600
0.69753400
0.38164000
0.45165600
0.28398600
-0.77950200
0.03961200
-0.46115200
-1.68546400

0.64398900
0.88362000
0.22482600
0.12548800
-0.07329700
-0.40851900
-0.22216500
-0.28443600
-0.04934200
-0.64533000
-0.69515700
-0.93928700
-1.22326600
-0.87077200
-1.10043900
-2.03211000
-2.83197600
-2.26642300
-3.27889900
-1.19667600
-1.35374600
0.07676700
0.92819800
0.26118600
1.54605400
2.75926000
2.77862300
3.93239900
4.88131500
3.87433800
4.77095900
2.64887400
2.56264100
0.17878900
-2.69876500
-2.12135200
-2.74928800
-3.19370200




[Ru(Trpy)(bpy)(0-COH]**

>~
=1

n O - O T O @-n O T O - O - O I 0O o0 @D O @-;n oI O @D 60 o@D o@D o@-oD 0060222 2

-0.08682500
0.38218700
0.18379000
-2.11129700
-0.90973800
2.37378500
2.46862700
3.79726000
4.34892700
4.41650200
5.45715600
3.70650200
4.18667400
1.46838600
1.82860300
2.84579400
0.88952500
1.16488500
-0.40418400
-1.16699500
-0.71821000
-1.71391700
1.66856300
2.13100700
3.14754500
1.29388500
1.64955100
-0.00133600
-0.68632300
-0.42024400
-1.42290800
-2.65887800
-1.94390400
-4.02980600
-4.41411400
-4.89362600
-5.97509900
-4.35172000
-5.00636800

0.04572400
-1.97180700
2.09259900
-0.02772100
-0.11204000
1.33163900
-1.05456000
-1.02174500
-1.94898900
0.21247900
0.25049200
1.39657700
2.36136800
2.45562000
3.80046100
4.06444600
4.79482000
5.84659000
4.42633100
5.17616400
3.07670500
2.74407500
-2.24044400
-3.55298300
-3.73954000
-4.61436400
-5.64215800
-4.34220400
-5.14597200
-3.01980500
-2.76119200
0.03289700
0.10825000
0.00442100
0.05609200
-0.08641200
-0.10496000
-0.15263100
-0.21935200

-0.38754200
-0.36937800
-0.22148100
-0.83357300
1.47668700
0.40243800
0.38467600
0.80799000
0.96220400
1.01996700
1.34408000
0.81671100
0.98008600
0.15377800
0.27396200
0.56363200
0.01681000
0.10666800
-0.35868300
-0.56919800
-0.46881900
-0.76543000
0.07440700
0.18669800
0.53338500
-0.14664300
-0.06184300
-0.59078800
-0.86150100
-0.68799500
-1.03147300
-2.07842300
-2.89890100
-2.29561000
-3.31469900
-1.20053200
-1.34230700
0.07816300
0.94662500




-2.96283000 -0.12678700 0.24564300
-2.28695400 -0.19442500 1.53874500
-2.94620000 -0.33510700 2.76470800
-4.03293700 -0.40839300 2.79051600
-2.21614800 -0.38671500 3.94625000
-2.72574700 -0.49840000 4.90418200
-0.82390200 -0.29284800 3.88231900
-0.21225400 -0.32469300 4.78427900
-0.20965000 -0.15853900 2.64515200
0.87407100 -0.08242200 2.55820200
1.77853200 0.11507700 0.19262700
1.39409900 -0.02936500 -3.05509100
1.34595900 0.23169500 -4.13527800
0.31122100 0.28866900 -2.43767300
2.40848700 -0.56189400 -2.59864900

O o - 6o Z T O - O - O - 0 0O 0O

TS = [Ru(Trpy)(bpy)(H--H-OCHO] 1+
0.09778200 0.05137400 -0.38321000
0.63036400 2.02017300 -0.78925000
-1.08756800 -1.53835800 0.25793600
191793100 -0.87459500 -0.74255600
0.99848800 0.09969800 1.49548600
-2.63627700 0.26918800 0.55646300
-1.63228300 2.34911300 -0.04782300
-2.80479400 3.02987500 0.28655300
-2.86482500 4.11246000 0.17868800
-3.90256500 2.30801000 0.75855000
-4.82413100 2.82961900 1.01980500
-3.82166400 0.92221900 0.90047600
-4.67353600 0.35587900 1.27600400
-2.36005500 -1.16572000 0.65299500
-3.28797700 -2.11507100 1.08800300
-4.28711700 -1.79865800 1.38808900
-2.93472600 -3.46028600 1.12266700
-3.65611600 -4.20924500 1.45245600
-1.64782100 -3.83427500 0.72997300
-1.33284500 -4.87779000 0.74515400
-0.75625200 -2.85316800 0.31117500
025671000 -3.09954600 -0.01008700
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-0.38079700
-0.18145100
-0.99097600
1.05061800
1.21237600
2.07019200
3.04968100
1.82633900
2.59263000
2.35373400
1.65843400
3.60212300
3.89548200
4.46148600
5.44933700
4.03778600
4.69534600
2.76900000
2.23691500
2.89969600
3.87254800
2.30972200
2.81992100
1.05911700
0.56431600
0.43631300
-0.54236500
-1.56925200
-0.44072300
-0.57431600
-2.06563200
-2.31495200
-0.81148400
-2.97620200

2.93454300 -0.53782300
4.30184100 -0.74361200
5.00392900 -0.54417900
4.76205300 -1.19966700
5.82849700 -1.36261200
3.84070900 -1.44297700
4.16158000 -1.79832600
2.48868400 -1.22857100
1.73466000 -1.41257400
-1.31877800 -1.95525800
-1.18933200 -2.78454200
-1.89650800 -2.14069800
-2.23274400 -3.13558300
-2.03343300 -1.04744500
-2.48092200 -1.16495300
-1.58183000 0.19714100
-1.66614100 1.06191100
-1.00901500 0.33509900
-0.49174000 1.59472800
-0.57110300 2.82493300
-1.05700200 2.89039200
-0.03645800 3.96470000
-0.09712900 4.92700600
0.57564000 3.85696500
1.00997100 4.72574200
0.62315700 2.61663900
1.08803900 2.49268000
0.98591700 0.08205600
0.08046600 -2.01612600
-0.81160700 -2.15604600
-2.31279900 -2.68086900
-3.35990500 -2.97390900
-2.04525200 -2.76256800
-1.55280600 -2.32460300




[Ru(Bid) (bpy)(C1)]

Ru
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-0.40593600
-0.06020000
1.58879200
1.83146500
-0.50270400
2.25432300
-0.21064500
-2.46607200
-0.86759400
2.27903200
3.71207300
3.83864900
2.47988600
4.82271700
4.71953100
6.07862100
6.97183500
6.20532500
7.19525300
5.07863600
5.17111700
1.00233300
1.02618400
2.00677700
-0.13106400
-0.09845600
-1.34666800
-2.29484200
-1.33743400
-2.27422800
0.53390000
0.31514800
1.16006100
-0.89543900
-1.04904700
-1.91297700
-2.87972200

0.15874700
0.60043600
-0.02435500
-2.45591100
-1.91716600
2.32470600
2.21816300
0.27164300
-0.24000600
-1.21963200
-0.91845000
0.47752200
1.03080400
-1.74210600
-2.82950800
-1.13214300
-1.75148000
0.26497800
0.71470700
1.08938100
2.17767400
2.89953800
4.31766500
4.79043600
5.05560900
6.14551200
4.36238900
4.88435700
2.98240400
2.43407300
-2.80093300
-4.20294300
-4.84096300
-4.72673500
-5.80621700
-3.83209600
-4.18154000

-0.41870300
-2.84299000
-0.20820800
-0.18673000
-0.77415100
-0.09973400
-0.06874900
-0.47073900
1.51657500
-0.13223300
0.04082500
0.03872700
-0.10720500
0.17345000
0.17304000
0.30711800
0.41476200
0.30355800
0.40662900
0.16908000
0.16499900
-0.08292700
-0.01784200
-0.05738300
0.11481000
0.16741300
0.20041700
0.33159900
0.10542000
0.15961400
-0.49125800
-0.56105500
-0.30496300
-0.96132100
-1.01516200
-1.32305900
-1.68620200




C -1.67639600 -2.47353800 -1.21640900
H -2.45152800 -1.76877200 -1.50680000
C -3.23600100 0.63744400 -1.53465100
H -2.67827300 0.93820600 -2.42423500
C -4.62344500 0.61238100 -1.50358500
H -5.18780500 0.91105100 -2.38769500
C -5.27323600 0.19425500 -0.33745400
H -6.36233200 0.15442800 -0.28791400
C -4.50623700 -0.16485800 0.76527400
H -4.99155200 -0.48320900 1.68751200
C -3.10965100 -0.11184100 0.68915600
C -2.21062000 -0.40162700 1.80411200
C -2.63483700 -0.77442000 3.08484400
H -3.69755200 -0.90519100 3.28840700
C -1.70210200 -0.97498200 4.09576900
H -2.02622400 -1.26978300 5.09476200
C -0.34688800 -0.78544800 3.80918500
H 0.41753100 -0.92253800 4.57450700
C 0.03121700 -0.42221900 2.52454400
H 1.07672900 -0.26545400 2.25927500
[Ru(Bid) (bpy) (Hz2)]**

Ru -0.45782700 0.03713400 -0.67020100

1.56588700 0.00463400 -0.46658700
1.97964800 -2.40375600 -0.34583800
-0.43558400 -2.08282300 -0.74676400
2.05884500 2.39585600 -0.32356600
-0.37991100 2.15388400 -0.62877100
-2.53989200 0.04532100 -0.53248800
-0.74917700 -0.04022100 1.38202200
2.33293400 -1.14147300 -0.32870300
3.73193700 -0.73322800 -0.10548800
3.75564000 0.66636300 -0.10122800
2.37064300 1.12287100 -0.31779700
4.89093200 -1.47563900 0.08092800
4.86650800 -2.56748700 0.07802900
6.09064800 -0.77572900 0.27068700
7.02116500 -1.32800100 0.41836500
6.11438800 0.62722300 0.27457400
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7.06298400
4.93893800
4.95105300
0.78461800
0.73265400
1.68127400
-0.45738900
-0.48240100
-1.62953400
-2.60226200
-1.54440100
-2.44616800
0.69629800
0.59912900
1.52260400
-0.60120300
-0.66143100
-1.73592000
-2.71225300
-1.60828900
-2.47944600
-3.41860400
-2.97225400
-4.79566600
-5.44732000
-5.31779800
-6.39520300
-4.43800900
-4.82233500
-3.05743900
-2.05746600
-2.37261100
-3.41399500
-1.35411000
-1.59217900
-0.02905000
0.80042800
0.23571900
1.25777900
0.09973200

1.14709500
1.36819900
2.46024300
2.89741900
4.31514000
4.83650700
499524400
6.08651800
4.24385400
471907500
2.86318700
2.27144000
-2.86394600
-4.27929800
-4.83141800
-4.91998000
-6.00979400
-4.13054400
-4.57352900
-2.75350600
-2.13205900
0.10096500
0.14879200
0.09927700
0.14556900
0.03960700
0.03811800
-0.01600900
-0.05991900
-0.01391400
-0.06704300
-0.13521200
-0.15916900
-0.17172500
-0.22335800
-0.13986400
-0.16436300
-0.07613300
-0.04881900
0.05891200

0.42469800
0.08934900
0.09254200
-0.48400400
-0.48897700
-0.37004000
-0.63857900
-0.64179400
-0.78856100
-0.91554300
-0.77877400
-0.90771300
-0.55104700
-0.56450900
-0.39674900
-0.78705700
-0.79540700
-1.01148000
-1.20837400
-0.98374600
-1.17096100
-1.57387900
-2.56797200
-1.40070200
-2.27335000
-0.10649800
0.06340200
0.96812200
1.98609600
0.74114400
1.80816600
3.16934000
3.48763300
4.11494600
5.17821200
3.67931200
4.38609400
2.31700700
1.94208400
-2.31901200




H -0.73253800

0.16484200

[Ru(Bid)(bpy)(H)]
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-0.39860400
-0.19338100
1.59807800
1.82269500
-0.50936900
2.27784600
-0.18738000
-2.45599200
-0.88208100
2.27749000
3.70505100
3.84202400
2.49408800
4.80455400
4.69273800
6.05986300
6.94382900
6.19702600
7.18598600
5.08174800
5.18271700
1.03408300
1.06888100
2.05500300
-0.08151500
-0.04016200
-1.30521900
-2.25042900
-1.30833400
-2.25104000
0.52716000
0.30143500
1.14874900
-0.91702000
-1.07538200
-1.94044000
-2.91768200

Z o - O - 0o o o @&m 0 @ 0O T 0O @m0 o @m o D 60O@-oD 0 @m0 o0 o0 o060 2 2 2Z2 2 2 Z Z T

0.20758900
0.49137900
0.01354200
-2.42221600
-1.86972800
2.35902200
2.26863900
0.32412200
-0.22834300
-1.18690400
-0.89617700
0.49954500
1.06095400
-1.72742200
-2.81404500
-1.12692500
-1.75284800
0.26925900
0.71213000
1.10170000
2.18934200
2.94389200
4.36437100
4.82648000
5.11528100
6.20556800
443204400
4.96386300
3.05234400
2.51395500
-2.76110700
-4.16375400
-4.80293200
-4.68573800
-5.76485500
-3.78690700
-4.13399200

-2.38268200

-0.62877300
-2.23839600
-0.42371600
-0.37039900
-0.95467300
-0.29622000
-0.31739500
-0.60853200
1.43776900
-0.31211300
-0.09254500
-0.09298200
-0.28889800
0.08293200
0.08226400
0.26028300
0.40164900
0.25836600
0.39594300
0.08177600
0.07993500
-0.31610400
-0.27333400
-0.30545200
-0.16870100
-0.13175500
-0.08904300
0.02415600
-0.16592000
-0.12044400
-0.67838900
-0.74270600
-0.49707100
-1.11712900
-1.16493400
-1.45693500
-1.79374200




-1.69613700 -2.42983700 -1.36491000
-2.47373600 -1.72326400 -1.64393900
-3.24101300 0.69234600 -1.66760000
-2.69677700 0.98565400 -2.56559600
-4.62687400 0.69057500 -1.62793400
-5.19063300 0.99100300 -2.51192300
-5.27570700 0.29550900 -0.45296000
-6.36472200 0.27528900 -0.39251100
-4.50175800 -0.06507700 0.64319600
-4.98418200 -0.36399900 1.57334000
-3.10376500 -0.04084800 0.56011100
-2.22560300 -0.36631400 1.68941300
-2.69075500 -0.77090600 2.94869200
-3.75891100 -0.88149800 3.13325600
-1.78091800 -1.03575500 3.96653000
-2.13357500 -1.35515300 4.94861100
-0.41470000 -0.88596600 3.71224900
0.32898900 -1.08158200 4.48527100
-0.01045000 -0.48450300 2.44475300
1.04544900 -0.35176200 2.19889300

T O - O - O o O 0O 0O @D O @D O @m O @ 60O @m0

Ts3N-Bid-Ru-H2-NMe3

TS = [Ru(Bid) (bpy) (H--C02)]
-0.39165800 0.18761400 -0.35592500
-0.04068000 0.34579800 -1.99814900
1.59674400 0.07556900 -0.04651700
1.89546900 -2.33424400 0.24138800
-0.44755800 -1.92324400 -0.41222000
2.22211300 2.43127200 -0.24826400
-0.24005800 2.27914700 -0.26200200
-2.44334500 0.27698200 -0.52438200
-1.02458100 0.01358400 1.66516400
2.31274200 -1.08787000 0.16942900
3.73785800 -0.73945200 0.31068800
3.83685100 0.64806300 0.13879700
2.46892400 1.15042700 -0.08050700
4.86390000 -1.51794800 0.54761100
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4.78233000
6.10652200
7.01114600
6.20538600
7.18545400
5.06357900
5.13415300
0.96274800
0.96187100
1.93605200
-0.20836600
-0.19432500
-1.41454100
-2.37342000
-1.38238800
-2.31189600
0.60910100
0.42229100
1.28542400
-0.78007600
-0.90801700
-1.82697100
-2.79389800
-1.61954400
-2.41748400
-3.13165000
-2.51427600
-4.51742200
-5.00836600
-5.25985300
-6.35049300
-4.58044200
-5.13775800
-3.18126100
-2.38409500
-2.92936400
-4.00841900
-2.08659500
-2.50225000
-0.70558100

-2.59915600
-0.87046500
-1.45344400
0.51810600
0.99734900
1.29686100
2.37828600
2.98111700
4.39920600
4.88201300
5.12629800
6.21643700
442234900
4.93772000
3.04082000
2.48543300
-2.74277400
-4.14794300
-4.72896800
-4.74491600
-5.82589800
-3.92357200
-4.33549900
-2.55922500
-1.91505000
0.48821200
0.64604100
0.49325900
0.66330800
0.27530700
0.26781400
0.07445200
-0.08490800
0.08317900
-0.08328500
-0.31115100
-0.39364800
-0.43993500
-0.62092200
-0.33567300

0.67960900
0.61208800
0.79883700
0.43880600
0.49182200
0.19943400
0.06315900
-0.31596400
-0.39794400
-0.46607600
-0.36290900
-0.41879000
-0.23106800
-0.16983200
-0.18708500
-0.09695300
-0.02120400
0.08677500
0.40919800
-0.22255700
-0.13934100
-0.66814700
-0.95770400
-0.74542700
-1.10591200
-1.68509100
-2.57028800
-1.75389100
-2.71271500
-0.58878100
-0.61246900
0.60762200
1.53034000
0.62928200
1.84784700
3.11821600
3.24650100
4.21696800
5.20950000
4.02951700




-0.01282800 -0.43162400 4.86592500
-0.21651700 -0.11215000 2.74801200
0.85346400 -0.02557000 2.54962000
0.26912200 -0.94152300 -3.06393600
1.44673200 -1.10171000 -2.97433000
-0.80546000 -1.15236900 -3.53657400

O O o - O =T

[Ru(Bid)(bpy)(H-CO2)]

-0.44716500 0.08920700 -0.32607200
1.54498300 -0.05663100 -0.02075400
1.86491400 -2.47481400 -0.17800700
-0.48443800 -1.98075100 -0.74857400
2.15829600 2.29958100 0.20567400
-0.30045400 2.15822700 0.06025800
-2.49389600 0.19813900 -0.49894900
-1.02328200 -0.32071800 1.57570000
2.26855700 -1.23586000 -0.01309000
3.68779400 -0.91011600 0.21726800
3.77607900 0.48433300 0.30926900
2.40863400 1.01243900 0.15781400
4.81631400 -1.71265200 0.32468300
474311100 -2.79975900 0.24925200
6.05083300 -1.08054800 0.53190300
6.95797100 -1.68207700 0.62225800
6.13905400 0.31671300 0.62276800
7.11352800 0.78397400 0.78054900
4.99465700 1.11910300 0.51089100
5.05715200 2.20739700 0.57720700
0.89862100 2.85548300 0.16144700
0.89885000 4.27064100 0.26565000
1.87340700 4.75360200 0.32199400
-0.27430400 4.99282400 0.30952400
-0.26056500 6.08136400 0.38965900
-1.48282800 4.28501200 0.26340300
-2.44587100 4.79333200 0.31395200
-1.44772400 2.90789100 0.14283600
-2.38012100 2.35284000 0.10204200
0.58494600 -2.84178600 -0.52636600
0.42286400 -4.24193700 -0.70062200
1.29602000 -4.86034700 -0.49738100
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-0.77075500

-1.83201900

-1.64763800

-3.18560400

-4.57283000

-5.29983300
-6.39050300
-4.61073300
-5.15810600
-3.21227500
-2.38142300
-2.87814200
-3.95296300
-2.00051500
-2.38179100
-0.62821600
0.09325700
-0.17608800
0.88509200
0.53115700
-0.27290500
0.15269700
1.51651500
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-0.88015300

-2.79362300

-2.45922500

-2.57329800

-5.07630000

-4.78563200
-5.86359500
-3.91128000
-4.27379800
-2.55506400
-1.86728500
0.55643300
0.84067100
0.56022600
0.85289200
0.18216600
0.16782800
-0.16876000
-0.45406900
-0.14801300
-0.44538300
-0.80239000
-0.90079000
-1.02909000
-1.31055800
-0.88683000
-1.04937200
-0.53549800
-0.41401600
0.84142200
0.24081300
1.98495000
0.15899200

[Ru(Bid)(bpy)(0-COH)]

-
(=]

-0.42608800
1.55704700
1.99038000

-0.40799500
2.07073900

-0.37230800

-2.43418400

-1.16563300

O =z zZ z2 =z Z2 Z2 2

0.07089000
0.03214200
-2.37641700
-2.05477200
2.42335800
2.17217000
0.10841300
-0.10951800

-1.12297900
-1.25562000
-1.39554300
-1.75910500
-1.19937900
-1.42056000
-1.61724900
-2.47546700
-1.67055400
-2.59235800
-0.53735600
-0.55347900
0.61899400
1.51714600
0.62579700
1.79125700
3.04929800
3.19958800
4.10374900
5.08615500
3.88344000
4.68428000
2.61862700
2.40192600
-2.79031100
-2.15807100
-3.08942200
-3.10623700

-0.28802600
0.09315400
0.11400600
-0.37227500
0.11774900
-0.13921600
-0.67706600
1.54105100

2.33696700 -1.11243300 0.16964700
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3.74444400
3.76900300
2.37620500
4.91240000
4.88826600
6.12048500
7.05724100
6.14472900
7.09976400
4.96129500
4.97363500
0.79259400
0.73205200
1.68304800
-0.46645600
-0.49834600
-1.64148100
-2.62360500
-1.54862100
-2.45694400
0.71319500
0.61322600
1.53042600
-0.57949700
-0.64126600
-1.70541100
-2.67562600
-1.57544000
-2.44054000
-2.99620500
-2.28969200
-4.37210400
-4.77509900
-5.21759400
-6.30125800
-4.65762400
-5.29613000
-3.26746700
-2.54399800
-3.14077300

-0.70558800
0.69417200
1.14788300

-1.44642900
-2.53835500

-0.74575300
-1.29748500
0.65716100
1.17797700
1.39671300
2.48878800
2.92069900
4.33797400
4.85882700
5.01575400

6.10542000
4.26073800
4.73242800
2.88351900
2.29711100

-2.83625000

-4.25258700
-4.80234800
-4.89621800
-5.98604600
-4.10803400
-4.55292100
-2.73114900
-2.11666300
0.25091500

0.34507000
0.27069900
0.38677200
0.13917000
0.15087000

-0.00699700
-0.10878100

-0.01929300

-0.15802000

-0.33071500

0.33241000
0.32226800
0.16387000
0.46255100
0.46488300
0.58824800
0.69344300
0.57879500
0.67686100
0.44356400
0.43208300
0.00827900
0.07239200
0.17528300
0.02319400
0.07869800
-0.09246900
-0.13004800
-0.16749600
-0.26730900
-0.11485900
-0.10523800
0.10118000
-0.35457200
-0.34794300
-0.62753800
-0.84957600
-0.62484500
-0.85628800
-1.90749200
-2.73487300
-2.09836900
-3.10473000
-0.99172600
-1.11552500
0.27420900
1.15169200
0.41378600
1.67196600
2.92424800
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-4.22757500 -0.36946600
-2.35002900 -0.45801500
-2.80962900 -0.59615300
-0.95962000 -0.40918800
-0.30249700 -0.50782500
-0.40198900 -0.23702300
0.67584600 -0.19603700
1.04755300 -0.00151400
1.52529100 0.17584800
0.45101000 0.99413000
1.16739400 -1.15099800

2.99995300
4.06045200
5.03985600
3.92277000
4.78689500
2.66410900
2.51110300
-3.50834800
-4.50749900
-3.01060200
-3.02560500

TS = [Ru(Bid) (bpy)(0--COH)]
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-0.42608800 0.07089000
1.55704700 0.03214200
1.99038000 -2.37641700
-0.40799500 -2.05477200
2.07073900 2.42335800
-0.37230800 2.17217000
-2.43418400 0.10841300
-1.16563300 -0.10951800
2.33696700 -1.11243300
3.74444400 -0.70558800
3.76900300 0.69417200
2.37620500 1.14788300
4.91240000 -1.44642900
4.88826600 -2.53835500
6.12048500 -0.74575300
7.05724100 -1.29748500
6.14472900 0.65716100
7.09976400 1.17797700
4.96129500 1.39671300
4.97363500 2.48878800
0.79259400 2.92069900
0.73205200 4.33797400
1.68304800 4.85882700
-0.46645600 5.01575400
-0.49834600 6.10542000
-1.64148100 4.26073800
-2.62360500 4.73242800

-0.28802600
0.09315400
0.11400600
-0.37227500
0.11774900
-0.13921600
-0.67706600
1.54105100
0.16964700
0.33241000
0.32226800
0.16387000
0.46255100
0.46488300
0.58824800
0.69344300
0.57879500
0.67686100
0.44356400
0.43208300
0.00827900
0.07239200
0.17528300
0.02319400
0.07869800
-0.09246900
-0.13004800




-1.54862100 2.88351900 -0.16749600
-2.45694400 2.29711100 -0.26730900
0.71319500 -2.83625000 -0.11485900
0.61322600 -4.25258700 -0.10523800
1.53042600 -4.80234800 0.10118000
-0.57949700 -4.89621800 -0.35457200
-0.64126600 -5.98604600 -0.34794300
-1.70541100 -4.10803400 -0.62753800
-2.67562600 -4.55292100 -0.84957600
-1.57544000 -2.73114900 -0.62484500
-2.44054000 -2.11666300 -0.85628800
-2.99620500 0.25091500 -1.90749200
-2.28969200 0.34507000 -2.73487300
-4.37210400 0.27069900 -2.09836900
-4.77509900 0.38677200 -3.10473000
-5.21759400 0.13917000 -0.99172600
-6.30125800 0.15087000 -1.11552500
-4.65762400 -0.00699700 0.27420900
-5.29613000 -0.10878100 1.15169200
-3.26746700 -0.01929300 0.41378600
-2.54399800 -0.15802000 1.67196600
-3.14077300 -0.33071500 2.92424800
-4.22757500 -0.36946600 2.99995300
-2.35002900 -0.45801500 4.06045200
-2.80962900 -0.59615300 5.03985600
-0.95962000 -0.40918800 3.92277000
-0.30249700 -0.50782500 4.78689500
-0.40198900 -0.23702300 2.66410900
0.67584600 -0.19603700 2.51110300
1.04755300 -0.00151400 -3.50834800
1.52529100 0.17584800 -4.50749900
0.45101000 0.99413000 -3.01060200
1.16739400 -1.15099800 -3.02560500
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TS = [Ru(Bid) (bpy) (H--H--OCOH)]
Ru 0.42327000 0.14980400 -0.38167200

N -1.59014800 0.09249900 -0.19180400
N -2.16952000 2.41747400 -0.68747400
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0.28993500
-1.93705000
0.45636700
249217300
0.81476200
-2.43714400
-3.81091500
-3.74066100
-2.32635000
-5.01942300
-5.06759700
-6.17230100
-7.13867500
-6.10217100
-7.01492200
-4.87749200
-4.81732300
-0.64928300
-0.52049500
-1.42708100
0.68398000
0.76676400
1.79492200
2.77499700
1.63741600
2.48946100
-0.90590900
-0.89480800
-1.86629700
0.28265900
0.27657400
1.48633300
2.45297700
1.44124700
2.36935300
3.31393400
2.80815900
4.69828100
5.30085200
5.29317800

2.22695900
-2.22945000
-1.93786900

0.21833100

0.43883200

1.17632000

0.74562600
-0.60445400
-1.00622400

1.43023700

2.48329500

0.72507000

1.23395900
-0.62761300
-1.15387000
-1.31124100
-2.36466900
-2.69235800
-4.08633800
-4.61473900

-4.73822500
-5.81253900
-3.98029300
-4.43434400
-2.62212200
-2.03145900

2.92511800
430547000

4.78449400
5.00445400
6.06591500
4.31207100
4.80804900
2.96436200
2.41775900
0.16046300
0.11547600
0.15651200
0.10452000
0.21782100

-0.73751500
0.49725900
-0.02566100
-0.34944700
1.64560700
-0.34905100
-0.03231700
0.33309900
0.22086900
-0.03603900
-0.32182400
0.33873400
0.34662500
0.70426500
0.99234800
0.70405800
0.98616400
0.35045200
0.58909900
0.88075700
0.43713000
0.61264500
0.04285200
-0.10446600
-0.16682000
-0.48956200
-0.88192300
-1.21840700
-1.33339000
-1.37198700
-1.62684900
-1.17781600
-1.26824400
-0.87163500
-0.73255100
-1.43763100
-2.40237000
-1.34064000
-2.24797000
-0.07672700




6.37855800 0.21077000 0.03184000
447487900 0.29715900 1.04455800
491651900 0.36099800 2.03874400
3.08334700 0.30169800 0.89521900
2.14239600 0.42185700 2.01008600
2.52522000 0.53566200 3.35186200
3.58011800 0.51081800 3.62294600
1.55529200 0.67969200 4.33771600
1.84525200 0.76562200 5.38590700
0.20997800 0.71604000 3.96305200
-0.58082700 0.83360600 4.70429500
-0.11975100 0.59330800 2.61920600
-1.15691900 0.61374500 2.28262200
0.55236400 -0.73737600 -2.38774400
0.11196700 0.03130900 -2.08024400
0.23001000 -2.71053400 -3.12527500
0.66215000 -3.64596800 -3.54994800
1.07710200 -1.73994500 -3.07782700
-0.95137400 -2.69273000 -2.76452800
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[Ru(Bid)(4,4’-OMe:Bpy) (C1)]

-0.02289800 -0.50503000 -0.50550900
-2.01832600 -0.29373800 -0.37272600
-2.35413400 1.76272900 -1.65274200
0.01510700 1.10488400 -1.85705200
-2.59637200 -2.22233300 1.01484400
-0.13808500 -2.12577100 0.82338200
2.06146200 -0.57452500 -0.50309100
0.42786700 0.81540800 0.98963600
-2.75124900  0.74289200 -0.92184900
-4.16505000 0.56478000 -0.54552700
-4.23858400 -0.60844700 0.21822400
-2.86615900 -1.13515900 0.32658200
-5.30088800 1.31408800 -0.82594300
-5.23868200 2.22706100 -1.42238600
-6.52743500 0.86044300 -0.31900300
-7.43891900 1.42754800 -0.52068300
-6.60130300 -0.31477200 0.44381500
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-7.56944600
-5.44987300
-5.50177300
-1.33052200
-1.31247100
-2.28163400
-0.13163600
1.06896600
2.03823300
1.01668600
1.94133600
-1.06974100
-0.91563700
-1.80107600
0.28456800
1.36196500
2.33011000
1.18368700
2.00680900
2.85706600
2.32181300
4.24258900
4.80845900
4.87505400
4.07214500
4.56054900
2.68783300
1.76970000
2.19085700
3.24875300
1.25017600
-0.11450800
-0.89536500
-0.47049300
-1.51984900
0.38813600
-0.13212600
6.21828300
1.75501200
7.04231500
8.07461900

-0.64760200
-1.06579700
-1.98189900
-2.70897800
-3.89521600
-4.30483500
-4.48537500
-3.87061900
-4.27501000
-2.72735800
-2.25062700
1.93989800
3.08143400
3.69924900
3.37702400
2.50427500
2.66344500
1.41314900
0.72211200
-1.35582100
-2.02873100
-1.31920000
-1.97612000
-0.42453400
0.38383200
1.07193900
0.29079600
1.07281700
1.99687800
2.19429200
2.69998900
2.43605600
2.94288800
1.50098700
1.27192600
4.25437200
-5.39621500
-0.26579200
3.58776500
-1.11019800
-0.84052300

0.82459600
0.72206600
1.31473900
1.24569100
2.02828400
2.31049500
2.42289400
2.03768400
2.33059700
1.26185200
0.95007200
-2.11200600
-2.94522700
-3.09034500
-3.55386000
-3.33964600
-3.81523700
-2.50929500
-2.34883900
-1.28145200
-1.95559100
-1.25187100
-1.90859800
-0.36911900
0.44932100
1.13799500
0.37103000
1.20608000
2.15388600
2.31756600
2.92006600
2.70529300
3.26742300
1.74631700
1.55914000
-4.19513500
3.02473000
-0.22618500
3.81732600
-1.08048600
-0.82279900
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6.86709700
6.85160400
0.76424500
0.14945800
1.35527400
0.12335100
-0.34011700

-2.17781800
-0.89706200
4.33008700
3.64993000
4.98840200
4.93317300
-2.10697700

-0.86539600
-2.14584200
4.58502100
5.19818100
5.23454800
3.91992000
-2.38909300

[Ru(Bid)(4,4’-OMe.Bpy)]*
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0.04510600
2.05194600
2.45285300
0.04074700
2.58498300
0.13079400
-2.03793200
-0.46140300
2.81952000
4.22910300
4.26816600
2.88208700
5.38805600
5.35267300
6.60116200
7.53054500
6.64004400
7.59889700
5.46648600
5.48990800
1.31120700
1.27144700
2.23262300
0.08072300
-1.10831300
-2.08512100
-1.03763100
-1.95515900
1.16527600
1.05232000
1.97199300

0.35636100
0.25310400
-2.07299000
-1.61580000
2.50594800
2.33180100
0.43672200
-0.39240200
-0.87825600
-0.55358300
0.78450500
1.28081200
-1.31526000
-2.35797000
-0.70144500
-1.27249700
0.63948400
1.09284200
1.40136100
2.44493500
3.01836700
4.36922100
4.84630100
5.03203800
4.32782300
4.78749200
3.02162000
2.47537700
-2.43466600
-3.77466300
-4.35745100

-0.73709400
-0.60537800
-1.25258300
-1.50680100
0.18701000
-0.02370100
-0.82796800
1.03567200
-0.85252700
-0.57502100
-0.16289300
-0.17661900
-0.66250400
-0.98543400
-0.32110600
-0.37578400
0.09155200
0.35218200
0.17491700
0.49604000
0.26037900
0.69859400
0.88544100
0.89676900
0.65752300
0.81019800
0.21410200
0.02019500
-1.57454100
-2.03215700
-2.05792100




-0.15542200 -4.30477200 -2.42910400
-1.28605500 -3.47708000 -2.37213400
-2.26963900 -3.83033200 -2.68259500
-1.14534800 -2.18086400 -1.91496900
-2.01349600 -1.52972900 -1.87973300
-2.78750000 0.92246100 -1.85067100
-2.22526800 1.31685200 -2.69939300
-4.17388000 0.93080100 -1.84906700
-4.70676500 1.33570100 -2.70607500
-4.85101800 0.40918900 -0.73047000
-4.09040500 -0.09224100 0.33850700
-4.60985000 -0.49353300 1.20727700
-2.70533900 -0.06680700 0.26708100
-1.80942200 -0.55843600 1.31377900
-2.23773100 -1.15598200 2.48973100
-3.29821300 -1.28943700 2.69925300
-1.30286400 -1.61537500 3.42928900
0.06457900 -1.43731400 3.15073100
0.83936000 -1.76461800 3.83960000
0.43561000 -0.83171000 1.96235200
1.48658600 -0.68112700 1.71899900
-0.22747900 -5.33504800 -2.78223600
0.06429600 6.06783900 1.24047900
-6.19829800 0.34304500 -0.58137400
-1.81482100 -2.20490000 4.53821200
-6.98083900 0.84317600 -1.70525500
-8.02486600 0.70075700 -1.39886200
-6.78107500 1.91387700 -1.87830200
-6.77175900 0.25974600 -2.61742500
-0.83222600 -2.71718500 5.48636300
-0.21230000 -1.89935900 5.88940600
-1.43204900 -3.16548400 6.28835500
-0.19820900 -3.48618700 5.01422500
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[Ru(Bid)(4,4’-OMe:Bpy)(H2)]*

Ru -0.02019200 0.07708000 -0.96118000
N 1.99783300 0.05687700 -0.73526200
N 244306200 -2.34815300 -0.76306700
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0.02106900
245496100
0.02758500
-2.11901100
-0.32985200
2.77919300
4.16997100
4.17331100
2.78452800
5.33794100
5.32931000
6.52535100
7.46223100
6.52873000
7.46808100
5.34469000
5.34145400
1.17853200
1.10926500
2.04786800
-0.08420000
-1.24216200
-2.21653700
-1.14043400
-2.02953400
1.16518500
1.08673900
2.01990200
-0.10843300
-1.25830400
-2.23295900
-1.14792600
-2.03041500
-3.00460100
-2.56481300
-4.38045300
-5.01728500
-4.90852600
-4.01102500
-4.41632000

-2.03338000
244231200
2.18768800
0.06944800
-0.08284000
-1.08457300
-0.67254600
0.72459700
1.17455700
-1.40915100
-2.49874700
-0.70676200
-1.25455800
0.69333500
1.21564400
1.42842900
2.51812300
2.93683000
4.35290300
4.87817800
5.02681200
4.27059700
4.74121200
2.89234300
2.29664500
-2.81080700
-4.22412700
-4.77284900
-4.86623600
-4.08018100
-4.52423000
-2.70594200
-2.08532100
0.14513000
0.21672400
0.13597200
0.19907100
0.04441500
-0.03231600
-0.10355400

-1.12799200
-0.44727200
-0.82384800
-0.82692000
1.09229400
-0.66048000
-0.39708700
-0.30309300
-0.50940900
-0.24566300
-0.31919000
0.00258500
0.12482800
0.09688800
0.29053000
-0.05443700
0.01816900
-0.61056300
-0.54494200
-0.37438700
-0.69425300
-0.91623900
-1.04829300
-0.97244500
-1.15799100
-0.99416300
-1.09893700
-0.97990600
-1.34280700
-1.49220400
-1.69535300
-1.38063200
-1.50709500
-1.85803100
-2.85387800
-1.69959000
-2.57858900
-0.39889500
0.67706900
1.68454300
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-2.64233800
-1.64154500
-1.96933800
-3.00523900
-0.95564000
0.38140900
1.21326900
0.64031400
1.66762200
0.55931500
-0.27836100
-0.12273500
-0.15451800
-6.22593100
-1.37044400
-0.31011700
0.32882800
-0.83968100
0.29510800
-7.14551700
-8.14382100
-7.02117100
-6.99725700

-0.02048700 0.44482100
-0.10644100 1.51655300
-0.20923500 2.86090100
-0.22693300 3.19413300
-0.29880400 3.82743500
-0.28125100 3.39425200
-0.34885300 4.09115500
-0.17199600 2.03734000
-0.15102800 1.67435800
0.17605400 -2.59279900
0.25122800 -2.67011000
6.11652000 -0.64410800
-5.95395400 -1.42145400
0.02227100 -0.07818900
-0.39832300 5.11401200
-0.52953200 6.10702700
0.36929400 6.11851800
-0.62675900 7.06321200
-1.43100500 5.91565000
0.09268700 -1.20859500
0.04582100 -0.75570500
1.04212500 -1.75535000
-0.76492700 -1.88553300

[Ru(Bid)(4,4’-OMe:Bpy)(H)]
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0.04412800
0.21795700
2.04167100
2.34298100
-0.02353600
2.64421800
0.18874000
-2.04329500
-0.39267500
2.75574800

4.16610700

4.25714600

2.89906500

5.28650900

0.50226800 -0.80631500
1.23853500 -2.27408200
0.30950600 -0.65166100
-1.99509600 -1.42292400
-1.37671500 -1.74442100
247105300 0.32484600
2.38771000 0.09899400
0.53847700 -0.71754500
-0.50387600 1.07277200
-0.84273800 -0.93410600
-0.61897100 -0.57435600
0.68887800 -0.07586800
1.25706200 -0.11766600
-1.43676700 -0.65941200
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5.21018100
6.51581000
7.41536900
6.60697100
7.57625400
5.47084700
5.53600500
1.39092900
1.39001500
2.36546200
0.22052400
-0.99046200
-1.95334600
-0.95652200
-1.88765500
1.05673000
0.88593600
1.76900700
-0.32479700
-1.40088100
-2.38031300
-1.20734800
-2.02690900
-2.87373400
-2.37151700
-4.25729400
-4.84081300
-4.86292200
-4.03188200
-4.50008000
-2.64838000
-1.72855000
-2.16051600
-3.21601600
-1.22201800
0.14377800
0.91775200
0.49823100
1.54964000
-0.43998200

-2.45469900
-0.91342500
-1.53071800
0.39487400
0.77880100
1.21345500
2.23245700
3.02291400
4.34999400
4.78765500
5.03789800
4.38312400
4.86426500
3.10162900
2.59311600
-2.25746700
-3.55580900
-4.19364800
-3.97710800
-3.07554900
-3.33608100
-1.82731600
-1.11383200
1.12364500
1.64896500
1.07691600
1.57103000
0.38362600
-0.21514400
-0.74235800
-0.12708700
-0.71890200
-1.43466100
-1.61172800
-1.95487300
-1.73056200
-2.10625300
-1.01045100
-0.81591200
-4.97470400

-1.04847400
-0.23163600
-0.28678300
0.26686400
0.59301400
0.35186200
0.74006300
0.41965800
0.93279700
1.14313600
1.16576400
0.88739900
1.06241400
0.37250600
0.13941000
-1.82419700
-2.38123200
-2.40087700
-2.88335700
-2.84240900
-3.24472500
-2.28302200
-2.26576100
-1.62794300
-2.44109700
-1.57009000
-2.34356600
-0.50697200
0.44928300
1.27843600
0.33411600
1.32132600
2.43362300
2.63250700
3.33724100
3.09035700
3.75550900
1.95854400
1.73504600
-3.31166500




0.23490900 6.05519700 1.56172700
-6.20278600 0.23856000 -0.31157300
-1.73348900 -2.64321300 4.39371700
-7.04848300 0.87578300 -1.31099000
-8.07392300 0.65073500 -0.99081400
-6.88853800 1.96717400 -1.32385700
-6.86568300 0.45043400 -2.31230700
-0.74994900 -3.16704600 5.33166900
-0.16035400 -2.35043200 5.78122700
-1.34572900 -3.66890600 6.10488600
-0.08347100 -3.89461200 4.83839600
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TS = [Ru(Bid)(4,4’-OMe;Bpy) (H—H—NMe3)]*

1.86522300 -0.01762000 0.11519300
243937900 0.12527500 2.48678700
0.01991100 -0.32829300 2.31459200
2.13251600 0.23235700 -2.30386800
-0.09767700 -0.73160400 -1.87092700
-2.16205400 -0.73699200 0.25111400
-0.75253100 1.46757600 -0.01212500
2.68971600 0.22609200 1.20097100
3.99993500 0.67656000 0.69683800
3.90289600 0.72744000 -0.70093700
2.54092000 0.28555600 -1.05322100
5.17331100 1.02972500 1.35163000
5.24300200 0.99009000 2.44088100
6.26290300 1.43782800 0.56868700
7.20042200 1.72074100 1.05238900
6.16604300 1.48860600 -0.82997400
7.02943100 1.81088700 -1.41621600
4.97761800 1.13141300 -1.48337900
4.89764800 1.16963100 -2.57203000
0.91674400 -0.27532500 -2.70675900
0.77665500 -0.36625300 -4.11737400
1.59913600 0.02489300 -4.71487500
-0.33029600 -0.94682800 -4.69829900
-0.42115800 -1.01884400 -5.78373500
-1.32470400 -1.46045900 -3.85267700
-2.21144800 -1.95643500 -4.24788700
-1.17003800 -1.33115000 -2.48463200
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-1.92781000 -1.73384300
1.20282000 -0.15129200
1.19807500 -0.19621900
2.16008300 -0.06786700
0.03210600 -0.36945700
0.04152200 -0.39655200
-1.16653700 -0.49178000
-2.12561900 -0.60939200
-1.12460700 -0.46772300
-2.04478800 -0.57276900
-2.85026400 -1.89662100
-2.23680200 -2.77522200
-4.23021200 -2.00002600
-4.70177800 -2.96657600
-4.97944500 -0.84305400
-4.29115300 0.36623400
-4.87007000 1.26532200
-2.90479800 0.39923500
-2.11590400 1.63272000
-2.68133800 2.88297900
-3.75703600 3.01242900
-1.86207100 4.01976400
-0.47405400 3.85529100
0.21421400 4.69613800
0.02444400 2.57757300
1.09684800 2.41729200
0.89793500 -2.37801200
0.14355000 -2.18169700
1.88352400 -3.35110900

-1.81697500
3.02727300
4.44692900
4.94157900
5.16135900
6.25264600
4.44362900
4.94859900
3.06157300
2.49305400
0.43882500
0.64730500
0.37183100
0.53249900
0.08975600
-0.08877400
-0.29314500
-0.00107900
-0.13951700
-0.35497600
-0.46049000
-0.43513800
-0.28398100
-0.32494400
-0.08130300
0.03833600
0.02949800
0.51819000
-0.44471300

-0.08889100 -0.50872400 0.22209200

1.21318600 -4.60956500
0.98893100 -4.59467200
0.26613400 -4.69197200
1.84522600 -5.48890700
3.12399000 -3.17511300
3.63714000 -2.26156200
2.87370100 -3.07632900
3.80601000 -4.03764300
2.14858500 -3.30943900
1.19502900 -3.36826600

-0.07346300
1.00601600
-0.63290400
-0.29848500
0.32962700
-0.00730600
1.39933700
0.19899500
-1.89303300
-2.44249300




2.65861000 -2.36733900 -2.14503300
2.79207000 -4.15585100 -2.20458000
-2.50127600 5.19831400 -0.65050100
-6.33203800 -0.78310300 -0.02694800
-7.03066300 -2.04915200 0.15706000
-6.87312900 -2.44046800 1.17620800
-8.09010800 -1.80445800 0.00850700
-6.70535300 -2.78900200 -0.59341800
-1.64302700 6.37595200 -0.68890900
-2.33028600 7.21280200 -0.86709400
-1.12323400 6.51195800 0.27411100
-0.91336600 6.30544300 -1.51276900
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TS = [Ru(Bid)(4,4’-OMe;Bpy) (H—CO2)]
0.06194200 -0.62268600 0.19134800
0.39963400 -2.05480400 1.01558900
2.04648200 -0.30197900 0.08870100
2.36500100 1.28087500 1.92728300
0.00759800 0.55246200 1.94269600
2.64729900 -1.72485900 -1.80888300
0.19150500 -1.75262700 -1.57175500
-2.01608300 -0.78815400 0.21771300
-0.56876500 1.12586800 -0.86270200
2.77036500 0.53124600 0.92341900
4.18608500 0.48415000 0.51837200
4.27132700 -0.40667600 -0.56071300
2.90467900 -0.88921600 -0.82531700
5.31484600 1.12457800 1.01445100
5.24265700 1.81726200 1.85594700
6.54643600 0.85328900 0.40028100
7.45258400 1.34105700 0.76650200
6.63168500 -0.03838000 -0.67954200
7.60301800 -0.23335200 -1.13963500
5.48719400 -0.68109200 -1.17436600
5.54816600 -1.37676900 -2.01431900
1.38806800 -2.13027600 -2.18128700
1.37769600 -2.98033100 -3.32078000
2.34971300 -3.25229900 -3.73064400
0.20188600 -3.41734400 -3.88977500
-1.00346100 -2.99215700 -3.31005500
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-1.97004400
-0.95978700
-1.88709800
1.08078900
0.91112000
1.78901800
-0.29314800
-1.36118900
-2.33357200
-1.16808200
-1.98266500
-2.72653300
-2.12769300
-4.11048900
-4.59959800
-4.84030500
-4.13025900
-4.69457600
-2.74093100
-1.92871700
-2.47136800
-3.54621900
-1.62569100
-0.23634200
0.47009900
0.23342500
1.30488400
0.66796400
1.84347900
-0.41765300
-0.40824500
0.20876400
-6.19598900
-2.24300200
-6.91437800
-7.97208900
-6.74377500
-6.62056000
-1.35307000
-0.75343900

-3.28667800
-2.18784900
-1.86507700
1.30851600
2.18326000
2.75003300
2.29445800
1.50090700
1.52070200
0.67028700
0.03718200
-1.82401700
-2.64721600
-1.86421100
-2.72910000
-0.77559900
0.29121200
1.12828800
0.26586000
1.33746000
2.47978500
2.64911900
3.45343700
3.23924000
3.95651300
2.07515400
1.87098700
-2.16794400
-2.00482000
-2.42871600
2.96779900
-4.06428300
-0.65708300
4.53845500
-1.76242000
-1.47639900
-2.70193100
-1.88029200
5.55204100
5.14061300

-3.71981400
-2.18694700
-1.72303600
241412400
3.52289000
3.83088600
4.18172700
3.73421000
4.22690200
2.64682500
2.30625500
0.74409600
1.13619900
0.80694800
1.24896900
0.29685100
-0.27294900
-0.68090500
-0.30774600
-0.90625200
-1.48376500
-1.51709700
-2.03701300
-1.99299800
-2.40399200
-1.40240700
-1.35109700
2.70431200
2.81053900
3.12317200
5.03323500
-4.76922400
0.30085200
-2.57641200
0.91993600
0.85449800
0.36774300
1.97670000
-3.12694600
-3.95607700




H -2.02474400 6.33457300
H -0.69450100 5.96427700

-3.50293200
-2.34406800

[Ru(Bid)(4,4’-OMe2Bpy)(H-0CO)]

-0.01202500 -0.44316000
-1.99632400 -0.14196100
-2.35446600 1.66928400
0.00213700 0.95642400
-2.56867900 -1.85839300
-0.11725200 -1.86091600
2.05123400 -0.64540100
0.61172200 1.03189700
-2.73711700 0.79142800
-4.14698500 0.67490200
-4.21286200 -0.36699100
-2.84018900 -0.87444300
-5.28491300 1.37392900
-5.22826100 2.18351200
-6.50622900 1.00400100
-7.41998300 1.53405600
-6.57227600 -0.04014600
-7.53665500 -0.30974000
-5.41852700 -0.74107800
-5.46449900 -1.55563700
-1.30402600 -2.33187100
-1.28463500 -3.38063100
-2.25138500 -3.71024000
-0.10381200 -3.94125400
-0.10245200 -4.74603600
1.09391200 -3.43576700
2.06373100 -3.82288400
1.03934800 -2.42579800
1.96287200 -2.03482200
-1.08205600 1.75894200
-0.94357000 2.76178400
-1.82857600 3.36002500
0.24266600 2.95512900
0.33327800 3.72752600
1.32242900 2.11880900
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-0.36954700
-0.17059500
-1.77326700
-1.94631700
1.47402700
1.18830700
-0.47984100
0.89497500
-0.87340300
-0.45941400
0.47431000
0.64839200
-0.84183600
-1.57279500
-0.26042000
-0.53816100
0.67431700
1.11039500
1.05380600
1.78001200
1.74234700
2.69935500
3.07752300
3.13508700
3.87268900
2.61102900
2.92439300
1.66825700
1.25262300
-2.28916800
-3.28599000
-3.49864200
-3.95931000
-4.72546900
-3.64177900




2.28170600 2.20355500 -4.15276800
1.16031000 1.16286900 -2.65632800
1.98686700 0.50254800 -2.40943600
2.73514000 -1.59179300 -1.17680500
2.11751600 -2.31763700 -1.71040200
4.11876600 -1.66112800 -1.22435700
4.59498700 -2.44898800 -1.80317300
4.86695700 -0.70246200 -0.51626900
417755700 0.27564800 0.21759200
475525500 1.01013400 0.77679900
2.78951800 0.28230700 0.22528500
197562100 1.23754400 0.98513300
2.50310600 2.26704700 1.75204600
3.57751300 2.43149100 1.81600900
1.64896300 3.12386600 2.46317800
0.26190000 2.90770100 2.37755800
-0.45212600 3.53474500 2.90570200
-0.20375100 1.86682900 1.59023200
-1.27238000 1.67174500 1.49743600
-1.00830500 -2.54104400 -1.83545600
-0.23266300 -1.65088600 -1.74138000
-0.57578700 -3.61529700 -1.38723700
-2.03062200 -2.23525500 -2.46728400
6.22278500 -0.63420800 -0.46802300
2.25438600 4.10266600 3.18241300
6.92740600 -1.66545600 -1.21877100
6.69248500 -1.59836200 -2.29425800
7.99060000 -1.45028900 -1.05200900
6.68003000 -2.66895800 -0.83397900
1.35775700 4.97783200 3.92769600
2.02379500 5.68976800 4.43137800
0.67791900 5.51509100 3.24557500
0.78220100 4.40532300 4.67412500

— T T©T O T T Tm 00 O O O o m O T O &m 0 o @m0 o0 60 @m 60 60O @m 60 @m0 T O I

[Ru(Bid)(4,4’-OMe:Bpy) (0-COH)]
Ru -0.00745500 -0.55284500 -0.32797300

N -1.99001500 -0.26679700 -0.18384100
N -2.26549800 1.69727100 -1.61197200




T O O D O o @m O @D O DD 0O 60 @D O o0 @D 6O @D 60O o0 @D 6O o@D 6O @D 6O o@D 6O - 60O 6o 6o o060 2 2 2 2 2

0.05050500
-2.60926100
-0.14741300

2.06244100

0.54032100
-2.69319800
-4.10945900
-4.21447200
-2.85688500
-5.22481300
-5.13779400
-6.46272400
-7.35849100
-6.56799400
-7.54444200
-5.43738900
-5.51458800
-1.34913500
-1.34336600
-2.31606400
-0.16908700
1.03748800

1.99934900
0.99964900

1.92678100
-0.99198500
-0.80720800
-1.65380900
0.37012200
1.39146500

2.33295200

1.19187200

1.97168300
2.79593200

2.21533000
4.18133400

4.69677400
4.87968500
4.14044100

4.67981300

0.87827100
-2.07520600
-1.99527400
-0.69980600

0.94074500

0.75283100

0.64121900
-0.47877900
-1.03411900

1.40154300

2.27140600

1.01597300

1.59401900
-0.10517600

-0.38633600
-0.86847500
-1.74294800
-2.54133000
-3.64588400
-4.03886700
-4.17321500
-3.57728200
-3.92980800
-2.52310200
-2.05681200

1.76174900

2.81484900

3.48296300
2.96255200
2.02772700

2.06621400
1.03203300

0.29482500
-1.63115400
-2.39495300
-1.63372900
-2.41189000
-0.61902700
0.34372600

1.12149200

-1.85575100
1.33823400
1.18812000

-0.38081800

0.96122000

-0.80186600

-0.41097500
0.42697400
0.57176000

-0.73980300

-1.39452700

-0.20491800

-0.44275800
0.63175000
1.03237700
0.95836900
1.60834600
1.63535900
2.52939300
2.82303600
3.02123600

2.62380100
2.99713800
1.73007000
1.40817900

-2.12965400

-3.06482400

-3.21832400

-3.76655700

-3.54226200

-4.09070400

-2.60337500

-2.42790800

-1.04594100

-1.56724300

-1.08992400

-1.64778900
-0.40952100
0.29418600
0.83272200




2.75226600 0.28344700 0.29956900
1.89425800 1.21454800 1.04179400
2.37985500 2.27677100 1.79360300
3.44558200 2.49420700 1.84488200
1.49360700 3.09751300 2.50649200
0.11899200 2.80668500 2.44502100
-0.61873300 3.39848500 2.98155000
-0.30208400 1.73785400 1.66999200
-1.36094500 1.48587200 1.60035000
-1.01304300 -2.24472300 -2.70106200
-0.95255100 -3.23175400 -3.21532600
-0.28159000 -2.20401200 -1.64734600
-1.73135800 -1.36071400 -3.18657100
-0.17968900 -5.01784900 3.71298800
0.49441400 3.77128800 -4.48922100
6.23227200 -0.48243100 -0.36309000
2.05797700 4.11645800 3.20764000
1.12427400 4.95715000 3.94533100
1.75533500 5.71559800 4.42593200
0.40730300 5.44150600 3.26127300
0.58913100 4.37085500 4.71111700
6.98622300 -1.49840200 -1.08513800
6.74798700 -1.47505400 -2.16183400
8.03785500 -1.22674300 -0.92734000
6.79112800 -2.50200100 -0.67082800
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Ts4-BidBpyOMe-0-CHO
TS = [Ru(Bid)(4,4’-OMe2Bpy)(---OCOH)]

Ru 0.03898200 -0.46158400 0.26642200
2.02995300 -0.17968600 0.13768800
2.39534700 1.42475600 1.94641000
0.00193500 0.81492900 1.94867000
2.59798600 -1.68230400 -1.70949500
0.14567100 -1.68624200 -1.44513100
-2.01268900 -0.71234000 0.38299200
-0.60133600 1.07337500 -0.83115300
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2.77894300
4.19452900
4.25384700
2.87396200
5.34276000
5.29092800
6.56675500
7.48819600
6.62609700
7.59280700
5.46283500
5.50339000
1.33014100
1.30257200
2.26733000
0.11731100
0.11013900
-1.07752000
-2.05025700
-1.01550500
-1.93580400
1.10594400
0.97133800
1.87537300
-0.23486700
-0.32315000
-1.33990000
-2.31915200
-1.17762000
-2.02707100
-2.66928100
-2.03153700
-4.05145800
-4.50875200
-4.82313300
-4.16004500
-4.75479900
-2.77319900
-1.97034000
-2.50035100

0.64428500
0.53541200
-0.38031000
-0.82376600
1.14305100
1.85446100
0.81298500
1.27375800
-0.10468600
-0.34605500
-0.71517100
-1.43247600
-2.09181500
-2.99208400
-3.27880800
-3.46718900
-4.15864000
-3.02734500
-3.35587600
-2.16293700
-1.82675200
1.52124500
2.42705500
2.94988500
2.62239200
3.31876600
1.88861500
1.97856500
1.02394900
0.44071000
-1.71230500
-2.46545000
-1.79069900
-2.61880800
-0.78650700
0.24734900
1.02207900
0.26183000
1.27550000
2.35341400

0.96248900
0.56744600
-0.49114000
-0.75458500
1.06015800
1.88734400
0.46116900
0.82391200
-0.59882900
-1.04628200
-1.08832900
-1.91104300
-2.05256100
-3.15083400
-3.56732900
-3.66868900
-4.51347400
-3.08121900
-3.44814100
-2.00405700
-1.53624700
2.41770300
3.50440600
3.81391000
4.14061800
4.97660100
3.68713200
4.15792600
2.62020200
2.27759100
1.02567200
1.49389700
1.10684000
1.64305000
0.49255500
-0.18827600
-0.67032200
-0.23063700
-0.91681600
-1.61151900




-3.57660300 2.50903900 -1.66877300
-1.65012400 3.26744300 -2.25135700
-0.26144200 3.05615800 -2.17072800
0.45056400 3.72554400 -2.64743500
0.21204500 1.96497100 -1.46155400
1.28137800 1.77189500 -1.37838600
0.90905200 -3.03865000 2.32706200
1.19537400 -3.88531700 3.00405100
0.55471200 -3.34228300 1.15881900
0.97109200 -1.89092000 2.83450400
-2.25726500 4.29261400 -2.90373700
-6.18022500 -0.71922800 0.49470300
-1.35780200 5.23998100 -3.54998400
-2.02221100 5.98595900 -4.00443200
-0.69841200 5.72280000 -2.80941500
-0.75894100 4.74245400 -4.33113600
-6.85768700 -1.79020000 1.21402200
-7.92575700 -1.55947900 1.11133900
-6.63800000 -2.77032000 0.75858600
-6.57196300 -1.78892600 2.27932800
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TS = [Ru(Bid)(4,4’-OMe;Bpy) (H--H--OCOH)]

-0.00533100 0.38019600 -0.55581600
1.99849800 0.19775500 -0.39261100
2.45058100 -1.48258600 -2.11387600
0.02610500 -1.02270600 -2.12695800
2.45559800 1.66872300 1.51006300
0.04345400 1.79984200 1.00888600
-2.09845100 0.37506100 -0.53220400
-0.43631500 -1.13209000 0.83491200
2.78143800 -0.67066600 -1.13348400
4.16524100 -0.59767300 -0.63114900
4.16551800 0.31626500 0.43037700
2.78300200 0.80738700 0.57373300
5.32891000 -1.24780600 -1.02324400
5.32289600 -1.96106800 -1.85054900
6.50912000 -0.95723600 -0.32354400
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7.44158700
6.50981500
7.44269100
5.32984900
5.32477300
1.19065000
1.12988600
2.06788800
-0.05138100
-0.08289500
-1.20969900
-2.17741400
-1.11554300
-2.00414200
1.17694300
1.10087000
2.04034200
-0.09646100
-0.13980600
-1.25633500
-2.23640200
-1.14808200
-2.03820600
-2.92058800
-2.41684500
-4.30391100
-4.88666300
-4.91025800
-4.08246800
-4.55027500
-2.70146600
-1.77074100
-2.18173700
-3.23617200
-1.22877300
0.13299700
0.92084100
0.47236600
1.51968500
-0.04750300

-1.45029300
-0.04006800
0.16863000
0.60973700
1.32499200
2.17385100
3.17380500
3.42086700
3.80367500
4.57676600
3.42008400
3.87766300
2.44233500
2.15364500
-1.64579700
-2.55983000
-3.00512400
-2.86647200
-3.57020200
-2.24556400
-2.44190200
-1.35834800
-0.86160600
1.17816200
1.86840200
1.15485200
1.83392500
0.24865900
-0.59596200
-1.29995400
-0.52042200
-1.37553300
-2.36087600
-2.55427300
-3.13406900
-2.88584900
-3.44923000
-1.89018600
-1.67387300
2.33946700

-0.60745100
0.73815600
1.26655400
1.12906700
1.95458800
1.70254600
2.71030000
3.20591100
3.03478500
3.80498700
2.34354400
2.55050600
1.37027700
0.81700700
-2.60470100
-3.69120300
-4.01607400
-4.29893000
-5.13247200
-3.81200900
-4.24753600
-2.75756700
-2.38370000
-1.26257200
-1.94060400
-1.18002300
-1.79821500
-0.29132700
0.46271300
1.14917000
0.32862600
1.07906400
1.96813500
2.15666100
2.64844000
2.40148200
2.89570300
1.49796500
1.28163900
-1.56592700




0.32564500 1.50808200 -1.81539100
0.44467100 4.30730100 -0.96675900
0.09059700 5.32642700 -0.68815900
-0.48419200 3.57216200 -1.47611000
1.62419800 3.99492400 -0.77585600
-1.72185800 -4.07104700 3.50016000
-6.24737400 0.10866600 -0.08840000
-0.72151400 -4.84542800 4.22328500
-1.30446400 -5.52538800 4.85749800
-0.09342100 -5.42571900 3.52673800
-0.09491000 -4.18873900 4.84998000
-7.09423200 0.99650500 -0.87397400
-6.96065800 0.81371900 -1.95353700
-8.11823200 0.73877200 -0.57468000
-6.88536400 2.05278800 -0.63464400
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[Ru(Bid)(4,4’-(COOMe):Bpy)(Cl)]

0.56208600 -0.85838400 0.19545600
2.52233800 -0.38141700 0.19008700
2.70493900 0.85667500 2.28915500
0.46056600 -0.16140400 2.18791600
3.23049500 -1.36526600 -1.93227400
0.77673000 -1.56721000 -1.77656100
-1.46213800 -1.16859800 0.18797900
-0.08626300 0.95506300 -0.40201800
3.16951600 0.35095200 1.16824700
4.57890000 0.51766900 0.76719000
4.73924100 -0.15547500 -0.45094900
3.42139900 -0.71063300 -0.81137800
5.64415500 1.16605600 1.37851000
5.51381700 1.68805200 2.32897300
6.88970200 1.12818200 0.73489600
7.74774100 1.62964900 1.18787000
7.05034100 0.45362800 -0.48453000
8.03150600 0.43744600 -0.96394600
5.96919200 -0.19911300 -1.09432800
6.08910600 -0.72650300 -2.04322400
2.00116400 -1.78042900 -2.39775800

=
<]

O T o @m o xIm 0O X 0 60 o0 o0 60 Z 2 2 Z 2 Z Z




O O O O o0 O T 0o @D O @D 0O @D 0 o0 @D o o060 @D&D OO0 @D 6o 6o @-D 6O o@D OO0 @D O 6O @D O

2.05858600 -2.42910400 -3.65844300
3.05006500 -2.58342000 -4.08215000
-0.32112900 -2.54467700 -3.72384400
-1.26260200 -2.80588300 -4.20748500
-0.34065700 -1.93365400 -2.48248500
-1.29331400 -1.72307700 -2.00359300
1.44426100 0.61471300 2.78908300
1.21356200 1.19510900 4.06405200
2.01487500 1.81004000 4.47170400
-0.91210600 0.12272400 4.18401200
-1.83977800 -0.12687500 4.69929900
-0.66738900 -0.40498000 2.92874100
-1.39635300 -1.07181700 2.47496600
-2.11456500 -2.34586800 0.41964200
-1.46511100 -3.20726700 0.58715300
-3.49491000 -2.44510300 0.46002000
-3.96562500 -3.40784800 0.65474800
-4.27023500 -1.29480800 0.25591100
-3.62256200 -0.08836700 0.00232900
-4.22143800 0.80583600 -0.17074700
-2.23038800 -0.04145500 -0.03941500
-1.45666700 1.15157400 -0.36732700
-2.02103400 2.39127500 -0.66855300
-3.10067700 2.52638300 -0.62473100
-1.20144000 3.45737700 -1.02982900
0.18248400 3.24889500 -1.09235800
0.84264000 4.06654300 -1.38174800
0.70091500 2.00623500 -0.77802900
1.77180000 1.80915000 -0.81476000
0.04627500 0.96694400 4.76121400
-0.11603700 1.41573400 5.74303600
0.91500300 -2.82057700 -4.32269700
0.97313500 -3.31644500 -5.29342200
-5.75357300 -1.30137100 0.28357800
-1.73447800 4.80225200 -1.35771100
-6.45195200 -0.30332400 0.11100600
-1.03738000 5.75729900 -1.69486800
-6.24383100 -2.54937500 0.51736900
-3.09060700 4.84807900 -1.23815900
-7.70654400 -2.58959100 0.53197600




-8.10542300 -2.26111300 -0.44019700
-7.95326000 -3.64127000 0.72163800
-8.10003700 -1.94468200 1.33272100
-3.64090400 6.16499500 -1.56105500
-3.41246800 6.42718100 -2.60572300
-4.72211600 6.05972700 -1.41106600
-3.22384000 6.92871200 -0.88665700
Cl 1.16226000 -3.12564300 0.99424800
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[Ru(Bid)(4,4’-(COOMe):Bpy)]*
0.58271500 -0.93345500 0.32851400
2.56684700 -0.57069500 0.30540300
2.79955500 0.85861400 2.27315800
0.51503900 -0.07458500 2.25717400
3.24226600 -1.79924600 -1.69815900
0.78103200 -1.88553100 -1.53674700
-1.44335200 -1.23199000 0.36164900
-0.03619100 0.76464200 -0.43057400
3.24738800 0.22735500 1.21401000
4.66412900 0.27862400 0.81469400
479786400 -0.51752800 -0.32993700
3.45835100 -1.03862900 -0.65320400
5.75836600 0.92181000 1.37878000
5.64831500 1.53804000 2.27360200
7.00514600 0.75217900 0.76086300
7.88602600 1.24570100 1.17683500
7.13929000 -0.04496700 -0.38600400
8.12287500 -0.16154700 -0.84592600
6.02988900 -0.69317800 -0.94685200
6.12913300 -1.31681000 -1.83779800
1.99913100 -2.21365600 -2.12425600
2.03275900 -2.99965800 -3.30446900
3.01798300 -3.24441600 -3.69878800
-0.34969600 -2.99886100 -3.38999900
-1.29861000 -3.25585500 -3.86100400
-0.35015400 -2.25838000 -2.22315000
-1.29415900 -1.93991400 -1.79003800
1.52830200 0.71964000 2.78500800
1.32007600 1.43093600 3.99491000
2.14583900 2.04868100 4.34487400
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-0.85401200
-1.79534800
-0.63215000
-1.39230200
-2.09612500
-1.45682500
-3.47872800
-3.95622400
-4.24473400
-3.59209300
-4.18425100
-2.20105300
-1.40291500
-1.92560200
-3.00115900
-1.07183000
0.30382000
0.98832500
0.78913600
1.85245500
0.14115700
-0.00502600
0.87573000
0.91532000
-5.73058700
-1.55887100
-6.41423300
-0.82461000
-6.23426400
-2.91202800
-7.69874300
-8.09438200
-7.96056300
-8.07781600
-3.41569600
-3.17537500
-4.50026400
-2.97397500

0.47426700
0.32245700
-0.18409100
-0.85490500
-2.37540400
-3.22370800
-2.46254700
-3.39900800
-1.33247000
-0.15887600
0.72006100
-0.13009700
1.00299100
2.22028000
2.38932200
3.21433200
2.95778500
3.71817700
1.74299400
1.51182600
1.32457000
1.87437600
-3.40347400
-4.00225500
-1.32321800
4.53452600
-0.33689400
5.42340800
-2.53627900
4.63357100
-2.55368900
-2.28640100
-3.58557400
-1.84689800
5.92622300
6.06497600
5.87442500
6.74362600

4.20047000
4.72861400
3.00587200
2.61391400
0.71210100
0.96232500
0.75724700
1.04210700
0.44039600
0.06959000
-0.18670700
0.02298700
-0.42180100
-0.85461700
-0.82704600
-1.32423800
-1.36064400
-1.73673500
-0.91410300
-0.92655500
4.70136600
5.63283700
-3.93649000
-4.84812900
0.46750600
-1.79706900
0.19996400
-2.22244800
0.81626900
-1.70089900
0.83617800
-0.15572300
1.09914100
1.59047600
-2.16892400
-3.23427300
-2.01562000
-1.57875800




[Ru(Bid)(4,4’-(COOMe):Bpy) (Hz)]*
0.53925700 -1.16324900 0.16199100
2.53268100 -0.75554900 0.09330600
2.97338300 -0.19696800 2.43488800
0.60296600 -0.86420000 2.26411900
2.96725800 -0.94798900 -2.30670500
0.59166700 -1.50655400 -1.93329100
-1.53709700 -1.24516400 0.18011700
0.04557600 0.82096900 -0.11670800
3.29985300 -0.35115000 1.17544700
4.65769400 -0.04883200 0.68746100
4.65575000 -0.26621600 -0.69502200
3.29677200 -0.70347200 -1.06261900
5.80052300 0.38024800 1.34997100
5.79539400 0.55041600 2.42861200
6.95759200 0.58711300 0.58624400
7.87446800 0.92388200 1.07457700
6.95572300 0.36886800 -0.79996000
7.87134500 0.53855900 -1.37038500
5.79668800 -0.06192800 -1.46017600
5.78934000 -0.23251700 -2.53876500
1.71652800 -1.34393700 -2.73072700
1.64636200 -1.59618400 -4.12474900
2.56264000 -1.44385800 -4.69294500
-0.64920900 -2.19766700 -3.91652600
-1.60020700 -2.53812600 -4.32591800
-0.54875900 -1.93637300 -2.56192100
-1.41586400 -2.08457400 -1.92512300
1.72508100 -0.44443700 2.96544700
1.65428300 -0.23644300 4.36655700
2.56756700 0.09969500 4.85512000
-0.63404800 -0.90012500 4.36573000
-1.58135000 -1.10289300 4.86528500
-0.53327700 -1.08678700 2.99874000
-1.39606000 -1.44313100 2.44307200
-2.30602400 -2.36352800 0.33013600
-1.76134100 -3.29829000 0.46505900
-3.69079300 -2.33522900 0.31341800
-4.25455300 -3.25879600 0.43606500
-4.34332300 -1.11030300 0.13764500
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-3.57632800
-4.08368100
-2.18444700
-1.30002500
-1.75607900
-2.82281400
-0.83913100
0.52474300
1.26070600
0.93003400
1.98600700
1.27517400
0.45413500
0.47930500
0.44018300
0.48993000
0.44973100
-5.82417500
-1.25468200
-0.46620500
-6.41156700
-6.43525500
-2.60667800
-7.89636700
-8.24538900
-8.26393500
-8.21542000
-3.04813400
-4.14248300
-2.64556300
-2.71507100

0.04071900 -0.01283400
0.99471100 -0.15460500
-0.04108600 0.01094600
1.11270600 -0.13961800
2.42271200 -0.29424700
2.63779000 -0.30356400
3.45980000 -0.43516500
3.16005500 -0.41753300
3.95655200 -0.52616700
1.84525300 -0.25701300
1.58275100 -0.23655000
-2.72723000 0.40153900
-2.89180500 0.39701000
-2.01842000 -4.72552400
-2.21166100 -5.79902900
-0.45498900 5.07202900
-0.29045000 6.15026700
-0.97607300 0.10199700
4.87879800 -0.60357000
5.80967800 -0.74344800
0.09736800 -0.01231100
-2.18458900 0.20455900
5.00669700 -0.58107800
-2.08669900 0.15881000
-3.12485300 0.21027700
-1.50528300 1.01825100
-1.60812600 -0.77966900
6.39442800 -0.74019800
6.34420200 -0.69284800
7.01622500 0.07400100
6.78979600 -1.71205900

[Ru(Bid)(4,4’-(COOMe)Bpy) (H)]

Ru

zZ =z =Z2 =z =z =

0.62149900
0.95332000
2.58554700
2.66837100
0.44446300
3.37721600
0.92223800

-1.02228200 0.41718000
-2.39159500 1.26197900
-0.55562600 0.40102400
1.13988700 2.16273200
0.07515500 2.21042300
-1.95215600 -1.44251900
-2.15267500 -1.32675400
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-1.40140000
-0.01438200
3.18044900
4.59096300
4.80556100
3.51957800
5.61644400
5.44397300
6.87722900
7.70448700
7.09208000
8.08404300
6.05092800
6.21244700
2.17446600
2.28574400
3.29524700
-0.08874100
-1.00853100
-0.16290100
-1.13485300
1.39945300
1.11751200
1.89959400
-1.00574800
-1.95157800
-0.71087900
-1.41528900
-2.09531700
-1.47706200
-3.47547000
-3.96588800
-4.22694600
-3.54520600
-4.12330200
-2.15183600
-1.37594900
-1.95171700
-3.03052600
-1.13277800

-1.25638900 0.35774900
0.78026800 -0.58072800
0.41057700 1.19356700
0.54174900 0.78751700
-0.37761500 -0.24867700
-1.05493300 -0.49300100
1.35520400 1.25305500
2.06924600 2.06139000
1.22896300 0.65167400
1.85491200 0.99353600
0.30887800 -0.38519900
0.22929500 -0.83529000
-0.50821500 -0.85001100
-1.22577100 -1.65752100
-2.49465500 -1.83356000
-3.43131200 -2.89523400
-3.67497300 -3.22422500
-3.57393600 -3.03753400
-3.94688000 -3.48881300
-2.68371200 -1.98255500
-2.36871300 -1.61154500
0.97925100 2.66892500
1.81041800 3.78604200
2.50838700 4.08218100
0.75939500 4.05190800
0.61321900 4.57406000
-0.01924600 2.94831400
-0.78137500 2.62231800
-2.37148100 0.75601100
-3.21447600 1.06390900
-2.44032200 0.78706200
-3.35349400 1.12177400
-1.32247400 0.39287800
-0.18840900 -0.04080000
0.67793200 -0.36218700
-0.16721900 -0.06612000
0.97165000 -0.56391600
2.16244800 -1.01785300
2.30683900 -0.98991400
3.17639800 -1.50859300




0.25243000 2.97428200 -1.54113500
0.90679600 3.75668800 -1.92607400
0.76734400 1.77668200 -1.07233800
1.84059500 1.57676200 -1.07793700
-0.07295200 1.71849600 4.47414400
-0.27487100 2.36010200 5.33402300
1.17319700 -3.98113600 -3.49519400
1.27250800 -4.69717600 -4.31316900
-5.70687400 -1.29106100 0.40732600
-1.67094400 4.46903600 -2.00408700
-6.38381000 -0.32637700 0.05066200
-0.97516600 5.37552500 -2.45714600
-6.22923800 -2.46328700 0.86682600
-3.02701500 4.52591900 -1.89499700
-7.69166100 -2.46022900 0.89355800
-8.09334000 -2.31473700 -0.12124700
-7.96481800 -3.44874800 1.28234600
-8.06058200 -1.66300400 1.55728200
-3.57767200 5.79048300 -2.38432800
-3.35803100 5.91230500 -3.45628300
-4.65790000 5.70911500 -2.21359000
-3.15365300 6.63537200 -1.82024000
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TS = [Ru(Bid)(4,4’-(COOMe):Bpy) (H—H—NMe:)]
2.33949600 0.07985500 0.11030300
3.00977100 -0.09554900 2.45329700
0.61753800 -0.67520700 2.29685600
2.47776500 0.70160500 -2.25078600
0.43110000 -0.63333400 -1.91665100
-1.53317000 -1.14713700 0.22036800
-0.43632800 1.22838300 0.17702700
3.19180700 0.22338800 1.19399300
4.43324600 0.86431500 0.72198400
4.26287100 1.12842400 -0.64377400
2.93123600 0.61778400 -1.01873200
5.60386300 1.21238600 1.38367800
5.73233300 1.00374000 2.44792600
6.61465900 1.83697700 0.63888900
7.54847200 2.12207000 1.12818300
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6.44371600 2.10235700 -0.72790600
7.24621600 2.59207200 -1.28360800
5.25867700 1.74731600 -1.38837700
512112700 1.95117000 -2.45241500
1.32669100 0.08640600 -2.69691100
1.13774800 0.16962500 -4.10068300
1.85731600 0.76913900 -4.65638900
-0.73661600 -1.29918600 -3.94977800
-1.54095700 -1.88559400 -4.39389800
-0.54686900 -1.32905700 -2.57989000
-1.19377100 -1.94426200 -1.95800700
1.81442600 -0.53031100 2.98777300
1.86459800 -0.77225500 4.38463200
2.83619700 -0.66380300 4.86479600
-0.48624500 -1.17028900 4.41433700
-1.42122600 -1.39322600 4.92854600
-0.49550100 -0.95764100 3.04733100
-1.43206700 -1.01804800 2.49867800
-2.04999800 -2.40957200 0.31369000
-1.31671300 -3.20799000 0.43703200
-3.40644200 -2.67684800 0.24732600
-3.76454700 -3.70246100 0.32721600
-4.30344600 -1.61528100 0.06873700
-3.79776500 -0.32086000 -0.01596400
-4.49439000 0.50719500 -0.14665100
-2.42484100 -0.10061600 0.07437400
-1.81000800 1.22623700 0.06685100
-2.53455200 2.41740400 -0.00389400
-3.61968100 2.39867000 -0.09039200
-1.86278000 3.63604900 0.04291600
-0.46995200 3.63556400 0.16811100
0.07325800 4.57957300 0.21055500
0.20439600 2.42738600 0.23521900
1.28841300 2.38667300 0.34292300
1.57589700 -2.31951900 -0.21799600
0.87523700 -2.30434600 0.33588500
2.68067600 -3.14074000 -0.89691300
0.44986200 -0.64128600 0.19437100
2.09610200 -4.48711900 -0.78577300
1.84666100 -4.68826700 0.26964100




1.16950300 -4.53030800 -1.38347600
2.79313300 -5.26887900 -1.14445500
3.87425000 -3.02175100 -0.04448500
4.32445200 -2.02612400 -0.18176700
3.58044400 -3.14156800 1.01240500
4.63121200 -3.79191600 -0.29330300
2.99912100 -2.82756800 -2.29895400
2.08182400 -2.88459100 -2.90711500
3.41498200 -1.81026900 -2.36453900
3.74142300 -3.54073500 -2.71147100
0.11501700 -0.50686700 -4.73213000
-0.01347000 -0.44274400 -5.81419500
0.73241800 -1.09870000 5.10191200
0.78328200 -1.27793400 6.17739600
-5.77241900 -1.80334800 -0.02630800
-2.57213900 4.94142500 -0.02208200
-6.57542000 -0.88698900 -0.19362800
-2.00974700 6.03279700 0.02268500
-6.11627800 -3.11349200 0.09880100
-3.91668900 4.76990500 -0.12993900
-7.56131600 -3.32888300 0.01058900
-7.69045700 -4.40900300 0.14932100
-8.07926600 -2.76624000 0.80252300
-7.93421600 -3.01235200 -0.97571400
-4.65072600 6.03540600 -0.17892100
-4.35048600 6.61548500 -1.06507900
-5.70554600 5.74257000 -0.24254500
-4.46072300 6.62172200 0.73313200
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TS = [Ru(Bid)(4,4’-(COOMe)Bpy)(H—C02)]
Ru 0.61324800 -0.72398400 -0.00801000
1.18875000 -2.25211200 0.40748200
2.54068400 -0.12915700 -0.03025100
2.69150600 1.06945300 2.09365400
0.49526400 -0.04326900 1.99183500
3.30068100 -1.16542500 -2.11012100
0.84365100 -1.34940400 -1.99741400
-1.36339700 -1.21259700 0.00746000
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-0.29077700
3.17527000
4.59985000
4.78615900
3.46857800
5.65988200
5.50994300
6.92639400
7.78074100
7.11284700
8.11023200
6.03695500
6.17651500
2.07522500
2.14181600
3.13746100
-0.23844300
-1.17587300
-0.26931600
-1.22541000
1.43173800
1.15158600
1.91639800
-0.92257000
-1.84533100
-0.63150700
-1.31837100
-1.87326700
-1.13184400
-3.22914100
-3.57802900
-4.13918400
-3.64244600
-4.34691500
-2.26947900
-1.66286200
-2.39168400
-3.47665500
-1.72028300
-0.32557800

111611300 -0.51380800
0.58061100 0.97219200
0.71394800 0.61799800
0.02538000 -0.58827400
-0.49792500 -0.99094200
1.33950400 1.26169500
1.87362000 2.20248100
1.26260400 0.66400100
1.74507900 1.14390500
0.57253000 -0.54307100
0.52471400 -0.98554800
-0.05616700 -1.18653600
-0.59540600 -2.12605300
-1.53912200 -2.61716800
-2.11822100 -3.91072500
-2.26497600 -4.32753400
-2.18087100 -4.02144000
-2.39056500 -4.53704400
-1.64747600 -2.74554900
-1.44495400 -2.26943900
0.80256600 2.57825700
1.42061200 3.82637500
2.08786800 4.22195700
0.25194400 3.95615800
-0.02231200 4.46775400
-0.31395000 2.72874800
-1.03557200 2.29291000
-2.47075100 0.18384700
-3.26587600 0.26733200
-2.73143300 0.27243900
-3.75251200 0.42132600
-1.66786300 0.18114600
-0.38323700 -0.02881400
0.44427700 -0.11638500
-0.17079900 -0.12794100
1.13211500 -0.40549400
2.31215400 -0.57490700
2.31067400 -0.48394600
3.49868000 -0.85905100
3.47803700 -0.97841500




0.21454200 4.39790000 -1.20325100
0.34819700 2.28034200 -0.80202100
1.43421300 2.21503200 -0.88471400
1.68666700 -2.74233700 1.93384500
2.83708400 -2.43225700 1.97408500
0.70516100 -3.26055800 2.37302400
1.00291000 -2.44696600 -4.61561300
1.06811800 -2.88435100 -5.61355400
-0.01580500 1.16596100 4.51299200
-0.21746700 1.64601700 5.47251500
-2.42794300 4.79277400 -1.04046400
-5.60565100 -1.84373800 0.29377500
-6.41990100 -0.92206800 0.24357500
-1.86352000 5.85783400 -1.28065400
-5.94143200 -3.15349800 0.46026200
-3.77495400 4.65095900 -0.90850800
-4.49542500 5.91126000 -1.09609700
-4.32175900 6.30038900 -2.11133400
-5.55131800 5.65309600 -0.95123900
-4.16667700 6.65285100 -0.35203400
-7.38520200 -3.35557600 0.58172000
-7.90083700 -2.98041600 -0.31575200
-7.50764400 -4.44107300 0.67858200
-7.76819900 -2.83693800 1.47427100
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[Ru(Bid)(4,4’-(COOMe)2Bpy) (H-CO2)]

0.41885900 -0.79737900 0.09297600
2.39803600 -0.37250300 0.10427800
2.72771900 0.24886400 2.44605800
0.40437100 -0.54506900 2.19407000
2.99462000 -0.82323400 -2.22360900
0.55803400 -1.13437300 -1.99201500
-1.60850100 -1.07188700 0.07158700
-0.21642700 1.10368200 -0.16359500
3.11567200 0.05868900 1.20698800
4.50995400 0.29505500 0.79071900
4.59172700 -0.03293500 -0.56748400
3.24429200 -0.45525700 -0.99013500
5.62304400 0.73462700 1.49534500
5.55486100 0.98511300 2.55613600
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6.83513800 0.84491700
7.72957800 1.18994300
6.91703000 0.51597800
7.87416800 0.60875800
5.78861400 0.06890400
5.84671900 -0.19217600
1.74990900 -1.16228300
1.75677500 -1.53813700
2.72679700 -1.55365400
0.59423800 -1.85686900
0.61333600 -2.14555600
-0.61135400 -1.78653500
-1.56786300 -2.01098700
-0.58158900 -1.43129800
-1.51212900 -1.38539400
1.47396200 -0.04926300
1.33894500 0.17057900
2.21169800 0.56928300
0.16934300 -0.11919300
0.08046900 0.05293100
-0.89573900 -0.65219900
-1.84131400 -0.92128000
-0.73686800 -0.84272500
-1.55242400 -1.26821400
-2.26069900 -2.26851900
-1.61871500 -3.14994200
-3.64183700 -2.36863600
-4.11578900 -3.34643300
-4.41206100 -1.19984000
-3.76218800 0.02802800
-4.35888400 0.93833000
-2.37025900 0.07543400
-1.58489300 1.29797000
-2.13017300 2.57263600
-3.21004300 2.72320700
-1.29333200 3.67443000
0.09190100 3.47393500
0.77751000 4.31163200
0.59207200 2.19012100
1.66326300 1.99209600

0.79879500
1.32195900
-0.56255000
-1.08030100
-1.26460900
-2.32342500
-2.70645600
-4.07450100
-4.56919300
-4.74289400
-5.79534300
-4.03322400
-4.50552700
-2.69710500
-2.13970800
2.93030900
4.32631300
4.84130500
4.99490400
6.06912600
4.25676800
4.72757600
2.89664500
2.31891300
0.15211300
0.20130800
0.17278800
0.24429400
0.10557000
0.00404100
-0.05739500
-0.01742000
-0.15581900
-0.29687100
-0.29469400
-0.45066700

-0.45863400

-0.57560400

-0.31422200

-0.31792300




1.56136500 -3.31170400 0.24313200
0.67143600 -2.57190000 0.51411700
1.33715000 -3.97202300 -0.78110000
2.45519200 -3.32748000 1.10005300
-5.89674900 -1.20646800 0.13526500
-1.91701900 5.01465400 -0.60709100
-6.59056500 -0.19366800 0.06514000
-3.12959200 5.21557700 -0.59023400
-6.38640500 -2.46968700 0.25304500
-0.97673200 5.98154900 -0.77620000
-7.84888600 -2.50953500 0.30333400
-8.27394000 -2.10697900 -0.62883600
-8.09361100 -3.57255300 0.41663500
-8.21628000 -1.92843600 1.16305800
-1.55505500 7.31558100 -0.94602800
-2.12349500 7.60229700 -0.04802500
-0.69066000 7.97511200 -1.08834300
-2.21348500 7.33612100 -1.82802500
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[Ru(Bid)(4,4’-(COOMe),Bpy)(0-COH)]
0.52780900 -0.84152900 0.06118300
2.44509900 -0.23074200 0.07667500
2.50581700 1.00826100 2.17964800
0.38472900 -0.24496500 2.07101400
3.25289400 -1.21035100 -2.00957700
0.79859000 -1.44634400 -1.93524800
-1.45228900 -1.32508300 0.04742000
-0.28353300 0.94245900 -0.42325600
3.02671200 0.54029500 1.06716100
4.43532300 0.77443800 0.70090000
4.66523500 0.08717600 -0.49940500
3.38619100 -0.53299800 -0.89159800
5.45105800 1.48130900 1.33161300
5.26850700 2.01334600 2.26776700
6.71665900 1.48921700 0.72714500
7.53638400 2.03707200 1.19693700
6.94649200 0.80082100 -0.47317300
7.94250400 0.82026500 -0.92079900
5.91576100 0.08847100 -1.10336000
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6.08934200
2.04520400
2.14533900
3.15000300
-0.23357400
-1.15684200
-0.29617900
-1.26326600
1.27468000
0.98219700
1.70239500
-0.98015900
-1.85587800
-0.68726900
-1.32616600
-1.98667800
-1.25953900
-3.35009600
-3.74423500
-4.23063500
-3.70373200
-4.37020700
-2.32233100
-1.66303800
-2.33430500
-3.41898500
-1.62099800
-0.22888000
0.36187600
0.39752900
1.47815100
1.91378200
2.07183000
1.12760500
2.47393700
1.02349900
1.11446000
-0.13749500
-0.34651000
-6.19081400

-0.45076800
-1.64063100
-2.26823400
-2.41634100
-2.36466600
-2.60455900
-1.78244400
-1.56689500
0.63532800
1.17004800
1.87648800
-0.18074900
-0.56164700
-0.65278200
-1.40517200
-2.57456200
-3.38538600
-2.79688400
-3.80669300
-1.70732700
-0.42810200
0.43004200
-0.25645200
1.01988900
2.22621900
2.28450400
3.37914100
3.29366300
4.17149900
2.07681000
1.96852600
-3.16496800
-4.26715100
-2.82090300
-2.44938500
-2.64042800
-3.11779200
0.78106300
1.19325000
-3.08007400

-2.03709000
-2.51870100
-3.78698600
-4.18105700
-3.94333600
-4.47099700
-2.68979500
-2.24105700
2.67502200
3.95612400
4.36672000
4.08805400
4.61365100
2.82066200
2.36279500
0.18484000
0.25613500
0.25383900
0.37079200
0.18605800
0.01980700
-0.05387200
-0.06212200
-0.32227600
-0.51070700
-0.41719700
-0.82839200
-0.96486200
-1.22311600
0.75683000
-0.84793900
1.48039800
1.51298100
0.52303900
2.31874700
-4.49840800
-5.47587400
4.66201500
5.65096700
0.37818600




-3.59682100 4.74108100 -0.88560100
-6.40138300 -0.80104800 0.25059800
-1.55246400 5.67517800 -1.33578300
-2.37711200 4.64268400 -1.01134600
-5.68843200 -1.96184600 0.28180700
-2.27032600 6.93452700 -1.53484500
-1.49205700 7.65874300 -1.80378600
-3.00716600 6.83015600 -2.34627400
-2.77966000 7.23442900 -0.60587600
-7.84530800 -1.02023200 0.33373400
-8.28056200 -0.01396900 0.31049500
-8.19044400 -1.61532100 -0.52586800
-8.10183900 -1.53755400 1.27107700
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TS = [Ru(Bid)(4,4’-(COOMe)Bpy)(--0-COH)]
0.46670900 -0.70721400 0.07217400
2.44033500 -0.27010700 0.06798700
2.67578800 0.83072400 2.23684800
0.38435400 -0.07057500 2.09451900
3.11698800 -1.20741200 -2.08557600
0.65350800 -1.28033300 -1.94525000
-1.52171100 -1.13392700 0.08988700
-0.27748800 1.06058200 -0.37220000
3.12343400 0.35462800 1.09896100
4.54923000 0.42588200 0.73187900
468276000 -0.19626600 -0.51599900
3.33473600 -0.62378200 -0.93158600
5.64860500 0.95394900 1.39629700
5.53840300 1.43672100 2.36968700
6.90118500 0.84573400 0.77586800
7.78626800 1.25169700 1.27037500
7.03542900 0.22077000 -0.47302100
8.02337800 0.14707600 -0.93260000
5.92005300 -0.30950900 -1.13689100
6.01905600 -0.79794300 -2.10866100
1.86703300 -1.50517000 -2.58532900
1.89110100 -2.04362800 -3.89685300
2.87364400 -2.21894500 -4.33293600
0.72955500 -2.30388800 -4.59329900
0.76288800 -2.71346100 -5.60446400
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-0.49087800
-1.44354200
-0.48114100
-1.42248100
1.39434600
1.17321000
1.99649200
-0.01401100
-0.16948900
-1.00119900
-1.94485500
-0.76378700
-1.51327500
-2.07626200
-1.36535700
-3.44697900
-3.84884800
-4.30237500
-3.74898500
-4.40917100
-2.36594900
-1.65740500
-2.26754900
-3.35111900
-1.49672800
-0.10671700
0.52882400
0.46637700
1.54270700
1.90610400
2.44503900
1.37778600
1.89733400
-5.78119900
-2.19362100
-3.40999800
-6.54883200
-6.17815600
-1.32059800
-1.98248800

-2.00592000
-2.16332100
-1.50894500
-1.28132700
0.65590600
1.24014300
1.81422000
1.06443700
1.51646700
0.26664900
0.05472100
-0.26708900
-0.90385300
-2.36755700
-3.19009600
-2.56366800
-3.56600900
-1.45861200
-0.19352300
0.66819100
-0.05102700
1.19624600
2.43229600
2.53213200
3.55616400
341112500
4.26565600
2.16783600
2.01482400
-3.70065400
-4.66893400
-3.56955600
-2.88750800
-1.57059900
4.85438800
5.00116700
-0.61363100
-2.86036300
5.85445300
7.14784700

-3.97370300
-4.47968700
-2.68282400
-2.18966900
2.71254500
3.98680500
4.40969000
4.66574500
5.64711600
4.07218300
4.57505600
2.81807700
2.35503200
0.25772500
0.35906900
0.31408000
0.45571000
0.19786400
0.00856500
-0.09298800
-0.05187200
-0.30063800
-0.49121100
-0.42034100
-0.77538300
-0.87511300
-1.10315300
-0.66984800
-0.73233400
1.20868100
1.37889400
0.06996800
2.16216600
0.26641200
-0.95540100
-0.84966800
0.18120600
0.43662300
-1.24979400
-1.43028300




-1.17250700 7.84143700 -1.68568000
-2.72227100 7.08756700 -2.24334500
-2.48088600 7.45315700 -0.49716900
-7.63310800 -2.99588700 0.52393000
-7.80458500 -4.07123400 0.65357400
-8.01614500 -2.43042900 1.38736300
-8.10673300 -2.62969600 -0.39989600

— T T O I =T T

TS = [Ru(Bid)(4,4’-(COOMe):Bpy) (H--H--0-COH)]
-0.08913100 -0.35257000 -0.27492800
-0.21585800 1.64771500 -0.07574100
2.14718500 2.23003600 0.16823600
1.99942500 -0.15487600 -0.46139400
-2.63458000 1.98619500 -0.20645800
-2.19439100 -0.44168700 -0.14851800
0.08715500 -2.39829500 -0.31261700
0.19486200 -0.75044200 1.68850500
0.86112200 2.49332200 0.12902000
0.34543500 3.86437300 0.30254500
-1.04710200 3.79872300 0.16009200
-1.38940500 2.38113700 -0.06815200
0.98927000 5.07148500 0.54111800
2.07526700 5.11671800 0.64836000
0.20042200 6.22711700 0.63970500
0.67623700 7.19190400 0.82919200
-1.19319200 6.16193300 0.49529600
-1.78425000 7.07719600 0.57292800
-1.83527700 4.93849600 0.25206400
-2.92004000 4.88250800 0.13683700
-3.03326600 0.66535500 -0.26967200
-4.42561600 0.49695800 -0.40475200
-5.04258900 1.38673500 -0.50942900
-5.01644600 -0.76236500 -0.37688600
-4,17603100 -1.87509800 -0.17747800
-4,56071800 -2.88975300 -0.10795800
-2.81408500 -1.65900100 -0.07578900
-2.15753400 -2.51347000 0.07127700
2.70444200 1.00442000 -0.13958800
411310900 1.01275500 -0.15964100
4.62520900 1.93510700 0.10556400
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4.84708100 -0.10594600 -0.54059700
4.13288500 -1.25563800 -0.92807900
4.62738900 -2.16051200 -1.27249900
2.75143900 -1.22130000 -0.86881500
2.19455200 -2.10364500 -1.17691900
-0.06403200 -3.20207900 -1.40350900
-0.35560800 -2.68658500 -2.32061100
0.15282000 -4.57195900 -1.36324400
0.02309900 -5.16556900 -2.26884200
0.54414400 -5.16603800 -0.15767700
0.73310900 -6.23894100 -0.09972500
0.68437900 -4.36589100 0.97094800
0.97845500 -4.80796900 1.92280500
0.44418600 -2.98954600 0.88284000
0.50390200 -2.06177000 2.00895900
0.80686400 -2.43515900 3.32348500
1.05313800 -3.47299900 3.54814900
0.79165400 -1.48500400 4.33789500
1.03067100 -1.76817400 5.36381400
0.45959200 -0.16460700 4.01725800
0.42891000 0.61155700 4.78257600
0.17007500 0.16344300 2.70087300
-0.09371300 1.18064400 2.41067900
0.01997428 0.60058101 -3.84395873
-0.37036772 0.45664101 -4.87836873
-0.54973572 -0.18127599 -3.00098773
0.90512028 1.44511401 -3.65109273
-6.37176600 -0.80891400 -0.52456600
6.20575600 0.01584500 -0.52234200
-6.95619600 -2.13980100 -0.46525900
-6.78093700 -2.60624100 0.51920000
-8.03160600 -1.97717700 -0.61495600
-6.55929000 -2.78383900 -1.26833800
6.94078400 -1.16961600 -0.93579000
7.99789600 -0.88684000 -0.84615600
6.72289200 -2.02361000 -0.27185800
6.71083700 -1.43237000 -1.98242200




[Ru(4,4’-(OMe):z Bid)(Bpy)(Cl)]

-0.04718000 -0.31400300 -0.37389300
-0.22164100 1.68705100 -0.19857900
2.12789500 2.34861100 -0.01451800
2.04478500 -0.05857200 -0.55300500
-2.65434100 1.95382600 -0.23444000
-2.14506600 -0.46253600 -0.22063400
0.19204300 -2.36169000 -0.37512500
0.23085400 -0.66928900 1.59575500
0.83305800 2.57080800 -0.05202900
0.28212300 3.93302100 0.08466900
-1.11129800 3.82090600 -0.00332200
-1.41729500 2.38657000 -0.16874900
0.89652000 5.16685300 0.25513700
1.98366100 5.24854000 0.32127200
0.07619900 6.30168500 0.33778700
0.52820400 7.28694700 0.47209300
-1.31916400 6.18955300 0.24836800
-1.93516600 7.08920900 0.31327900
-1.93116900 4.93904900 0.07663800
-3.01717700 4.84562600 0.00605100
-3.01896900 0.62197500 -0.26714500
-4.41307500 0.41946100 -0.30294600
-5.05675100 1.29529800 -0.34492700
-4.96950100 -0.85491900 -0.26260000
-4.08827700 -1.94899300 -0.16980600
-4.43971500 -2.97646500 -0.11528800
-2.72836200 -1.69759700 -0.15373400
-2.04313300 -2.53874200 -0.08700500
2.71868100 1.12438200 -0.25490600
4.12785400 1.16021800 -0.23039700
4.61318400 2.10224800 0.01555500
4.89378500 0.04160300 -0.54133800
4.21262900 -1.13418000 -0.91131900
4.73376300 -2.04120200 -1.20730900
2.82992100 -1.12345100 -0.89853600
2.29874200 -2.02477200 -1.19560500
0.08449400 -3.19703200 -1.44809400
-0.20406000 -2.70890100 -2.38154100
0.33931100 -4.55898500 -1.37144400
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0.24240800
0.72425100
0.94023700
0.82249400
1.11111600
0.54646600
0.56700100
0.86227200
1.13195800
0.81007500
1.04278400
0.44838100
0.38730700
0.16824400
-0.11586000
-6.33103800
6.24913800
-6.87484700
-7.96357400
-6.54790500
-6.58772200
7.01526000
8.06447300
6.78963000
6.82336200
-0.31721900
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-5.17616100 -2.26534800
-5.11455000 -0.14612200
-6.18036900 -0.05849100
-4.28363700 0.96420500
-4.69418100 1.93149200
-2.91696000 0.83892400
-1.96602600 1.94621900
-2.30501500 3.27201900
-3.33153300 3.52075700
-1.33605900 4.26702000
-1.59281800 5.30129300
-0.03132700 3.91546600
0.75881100 4.66454400
0.26398800 2.58947300
1.26854900 2.27627800
-0.93399200 -0.30109200
0.18656700 -0.47944300
-2.28161500 -0.23238100
-2.14366100 -0.26463400
-2.88614800 -1.09552800
-2.77724500 0.71065300
-0.99737500 -0.83742600
-0.69531800 -0.72155000
-1.83754500 -0.15870300
-1.29085100 -1.88350000
-0.08351100 -2.84213200

[Ru(4,4’-(OMe): Bid)(Bpy)]*

-0.05500900
-0.19089700
2.16943600
2.05446800
-2.61873400
-2.15275300
0.13259700
0.16718600
0.88230600
0.35207200
-1.04317500
-1.37691500
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-0.31837300 -0.49734000
1.69490100 -0.38464200
2.31898300 -0.18031500
-0.09778500 -0.67250700
2.00257200 -0.37939100
-0.42569400 -0.41170000
-2.37301700 -0.53581500
-0.71150700 1.42014900
2.56300500 -0.22451100
3.93078100 -0.07710700
3.84219900 -0.15178600
2.41635000 -0.32520000
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0.98955900
2.07839400
0.18924500
0.65842600
-1.20907100
-1.80891400
-1.84398400
-2.93201400
-3.00743800
-4.40362300
-5.02839400
-4.98735500
-4.12881000
-4.50289300
-2.76577200
-2.10126700
2.74446600
4.15196800
4.64756800
4.90575900
4.21031200
4.72138500
2.82942600
2.29091400
0.04386200
-0.19363200
0.24824900
0.16805300
0.56016600
0.73370500
0.64399900
0.87954900
0.42215600
0.44175100
0.68341900
0.90459500
0.63904500
0.82967700
0.33952100
0.28591000

5.15209800
5.21417600
6.29838400
7.27443000
6.21003400
7.11894700
4.97286400
4.89830300
0.67881400
0.50547400
1.39527400
-0.75729700
-1.87093400
-2.89090400
-1.65161700
-2.50883000
1.08256000
1.10201700
2.04437700
-0.03650200
-1.21794400
-2.14412500
-1.19061800
-2.09875000
-3.17015500
-2.65567800
-4.54246900
-5.13482400
-5.13903700
-6.21383100
-4.34109800
-4.78317100
-2.96450500
-2.02185800
-2.36537000
-3.40228400
-1.39159700
-1.65290300
-0.07583300
0.71904700

0.09954800
0.15660000
0.20311700
0.34461400
0.12717300
0.21014100
-0.05201200
-0.11055000
-0.43718800
-0.48644400
-0.51490700
-0.47197500
-0.38697600
-0.34464600
-0.35801800
-0.29455800
-0.39813600
-0.36874100
-0.14653000
-0.63683600
-0.96108400
-1.21163500
-0.95865400
-1.21714700
-1.63558400
-2.56875300
-1.58390500
-2.49574100
-0.35744200
-0.28939400
0.77884200
1.74668100
0.67326900
1.78285000
3.11627800
3.37077000
4.10661300
5.14810100
3.74083600
4.48512900




0.11090900 0.23144900 2.40803100
-0.12257000 1.24552300 2.08802100
-6.34676800 -0.80699400 -0.52450400
6.25959800 0.09370700 -0.57652800
-6.92294300 -2.14346300 -0.48391600
-8.00728500 -1.97788400 -0.52655200
-6.59941200 -2.74004100 -1.35358600
-6.65928000 -2.65993200 0.45439900
7.01449900 -1.10926900 -0.89885900
8.06636600 -0.81287600 -0.79509700
6.78235600 -1.92459400 -0.19314000
6.81581300 -1.43270500 -1.93458100

— T T O T T© T O O O T O

[Ru(4,4’-(0Me): Bid) ( Bpy) (H2)]*
0.00222500 -0.35494900 -0.57446800
0.01568500 1.67505800 -0.43113900
2.42047100 2.12010200 -0.29538900
2.12393700 -0.31522700 -0.59155300
-2.38361700 2.15289700 -0.30067900
-2.12332900 -0.28469900 -0.61347500
-0.02302000 -2.43020500 -0.36440900
-0.00894600 -0.56993800 1.48359600
1.15445500 2.45496700 -0.29342800
0.72938500 3.85371900 -0.09229100
-0.66977100 3.86286100 -0.09434100
-1.11296100 2.47009600 -0.29702800
1.45891000 5.02268400 0.08237100
2.55097700 5.00913400 0.08395800
0.74609400 6.21757400 0.25426500
1.28818900 7.15553800 0.39254700
-0.65701000 6.22665500 0.25234600
-1.18740700 7.17149500 0.38919900
-1.38466600 5.04112800 0.07836700
-2.47681700 5.04141500 0.07695800
-2.88182300 0.87393900 -0.46678100
-4.28779200 0.81820400 -0.48290700
-4.83837000 1.74817800 -0.36155900
-4,97208300 -0.38199900 -0.65497300
-4,20523600 -1.55047400 -0.82188200
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-4.65775600
-2.82775600
-2.23325200
2.89964000
4.30432100
4.86936300
4.96970300
4.18518500
4.62305600
2.80961300
2.20012600
-0.03668200
-0.02767700
-0.06332500
-0.07207500
-0.08143400
-0.10620400
-0.06832000
-0.08632300
-0.03507900
-0.01347400
0.00352300
0.00915700
0.01692600
0.03014000
0.01421200
0.02352100
0.00335900
0.00547500
-0.01304100
0.07879600
-6.33152500
6.32960600
6.98978600
8.06171800
6.75259300
6.70938000
-7.01038900
-8.07919900
-6.74944900

-2.52708200
-1.44274300
-2.34154800
0.83342300
0.75748900
1.68035800
-0.45362200
-1.61299300
-2.59720400
-1.48550000
-2.37640500
-3.35002000
-2.94350000
-4.71901900
-5.40384500
-5.19172200
-6.26173300
-4.27106500
-4.61570500
-2.90021700
-1.86191800
-2.12730500
-3.15695200
-1.07601200
-1.27560800
0.23253700
1.08736900
0.44768100
1.45564200
0.14403400
-0.69254500
-0.32058100
-0.41050400
-1.69421300
-1.45762100
-2.38840600
-2.13764400
-1.59531400
-1.34604800
-2.03807600

-0.97341900
-0.79365800
-0.93415000
-0.45895100
-0.48729900
-0.37868000
-0.65737600
-0.80467100
-0.95006600
-0.76547300
-0.89196600
-1.37227000
-2.38449500
-1.14621800
-1.99448800
0.16840700
0.37879900
1.20943900
2.24256700
0.92960600
1.95933800
3.33278500
3.68749100
4.24213300
5.31440400
3.75684200
4.43318200
2.38472300
1.97276600
-2.24078600
-2.27654000
-0.65269800
-0.67211600
-0.86810500
-0.86073800
-0.04447800
-1.83815600
-0.84432600
-0.82077900
-1.82004900




H -6.76961600 -2.29565700 -0.02694300

[Ru(4,4’-(OMe): Bid)( Bpy)(H)]

-0.07002200 -0.32618600 -0.56202600
-0.23546300 -0.23864900 -2.20412200
-0.25270700 1.68078100 -0.41651400
2.09747700 2.35052100 -0.22816100
2.02080600 -0.06345900 -0.73603500
-2.68892600 1.93475900 -0.38389400
-2.16929300 -0.47725000 -0.43460800
0.18606300 -2.36493100 -0.44701100
0.23161300 -0.64295100 1.54788800
0.79925500 2.56603300 -0.24692800
0.24442800 3.91876100 -0.05434800
-1.15054100 3.80058100 -0.11595300
-1.45061500 2.37243300 -0.32806700
0.85437400 5.15021700 0.14878600
1.94223700 5.23667600 0.19524500
0.02933400 6.27616400 0.29090900
0.47849900 7.25888900 0.45143400
-1.36699300 6.15776700 0.22854000
-1.98715100 7.04992900 0.34097700
-1.97486100 4.90975500 0.02431900
-3.06172000 4.81122400 -0.02416100
-3.05012600 0.60679800 -0.45387200
-4.44569500 0.40063200 -0.50036300
-5.09048900 1.27649500 -0.52406200
-4.99926200 -0.87378400 -0.49427700
-4.11456800 -1.96804300 -0.42361900
-4.46367500 -2.99746600 -0.39415400
-2.75590300 -1.71491300 -0.39672900
-2.06879200 -2.55588700 -0.35306400
2.69253900 1.13203500 -0.47157000
4.10359400 1.17861600 -0.46862000
4.58349700 2.13063400 -0.25196500
4.87455900 0.05877500 -0.75485500
4.19756400 -1.13522900 -1.07365500
4.72253700 -2.04910300 -1.34067000
2.81556900 -1.13398900 -1.04935100
2.28825200 -2.04785700 -1.31296700
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0.09759500 -3.24182800 -1.49602400
-0.19018200 -2.79417000 -2.44751500
0.35979300 -4.59812800 -1.38367500
0.27531500 -5.23662100 -2.26380900
0.73510900 -5.12070500 -0.14077500
0.95677300 -6.18211200 -0.02112300
0.81454100 -4.25673100 0.94434700
1.09511600 -4.64186400 1.92417600
0.53398500 -2.89318900 0.78624800
0.56371700 -1.93226400 1.89273900
0.88105000 -2.27310400 3.21569000
1.14592800 -3.29842500 3.47269500
0.85813500 -1.29565500 4.20423200
1.10613200 -1.55103400 5.23574000
0.51092500 0.01316200 3.85522300
0.47854300 0.80708900 4.60217700
0.20775600 0.29523900 2.52915600
-0.07140500 1.30230100 2.21192200
-6.36244400 -0.95678400 -0.54284100
6.23151500 0.21572400 -0.71831900
-6.89987700 -2.30737500 -0.51808400
-7.98905100 -2.17442700 -0.55909900
-6.56010800 -2.88635500 -1.39390200
-6.62205200 -2.82959600 0.41352100
6.99927300 -0.97188700 -1.05624300
8.04833600 -0.65759500 -0.97618100
6.79867700 -1.79247700 -0.34623200
6.78549700 -1.30205700 -2.08721200
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TS = [Ru(4,4’-(OMe): Bid) ( Bpy) (H—H—NMes)]*
0.16135800 1.54280900 0.18261700
2.56019700 2.00721400 0.05260300
2.24400900 -0.43165600 -0.16040100
-2.20943100 1.96405500 0.62769600
-1.97871800 -0.32849400 -0.26083900
0.04280300 -2.50011600 -0.31427700
-0.00473100 -0.98391800 1.81891400
1.30406700 2.32379500 0.25895900
0.90584800 3.68693200 0.66194800
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-0.48133500
-0.94034100
1.64505900
2.72621600
0.95751200
1.50889400
-0.43121200
-0.94226000
-1.17013900
-2.25141000
-2.72344900
-4.13032100
-4.67402100
-4.82549700
-4.07367500
-4.53941200
-2.69465800
-2.10615600
3.02338600
4.41773000
4.98572100
5.07279600
4.29411700
4.73013900
2.92662000
2.31947500
0.11860200
0.27885200
-0.00425500
0.06447200
-0.21856100
-0.32579800
-0.29060300
-0.45058600
-0.15305400
-0.17229300
-0.32324800
-0.45674300
-0.30119300
-0.42029900

3.66591700
2.29850900
4.84549400
4.85670500
5.99912200
6.92728000
5.97808600
6.88971400
4.80359700
4.78211000
0.74959200
0.69001900
1.55091900
-0.41776800
-1.48278000
-2.37100300
-1.38449600
-2.19906700
0.72389100
0.64835000
1.57597600
-0.57240900
-1.74297100
-2.73687100
-1.61400900
-2.51456500
-3.23965100
-2.66693000
-4.62130800
-5.15519600
-5.30353700
-6.38895200
-4.57200000
-5.08359000
-3.17918600
-2.33005200
-2.81494100
-3.88205800
-1.93227800
-2.30241400

0.85809000
0.54560400
0.86296300
0.70877800
1.26753800
1.43288500
1.46398800
1.78142600
1.25936400
1.41171900
0.21267600
0.24047700
0.62323800
-0.23543000
-0.76942100
-1.18921500
-0.75362400
-1.17111500
0.16997900
-0.35454200
-0.36634300
-0.48708900
-0.40688400
-0.46791700
-0.24918600
-0.19601600
-1.46023400
-2.37528800
-1.47941900
-2.42778100
-0.27745500
-0.26125400
0.90246000
1.85147400
0.87241200
2.06418100
3.36859700
3.54195600
4.44267300
5.46195700




-0.11857500 -0.56993900 4.19301500
-0.08929200 0.15555000 5.00641200
0.02562200 -0.13631500 2.88152000
0.17610700 0.91779100 2.64609000
-0.15357400 0.43051700 -2.10221200
0.33274700 -0.31809700 -1.88638900
-0.65793000 1.37864100 -3.09519800
u 0.13014300 -0.44660400 -0.18393800
-0.53445600 0.57292300 -4.32229800
0.50484600 0.21826700 -4.42103900
-1.20254200 -0.30165800 -4.24638200
-0.80363400 1.15763600 -5.22187600
0.27847900 2.51555100 -3.12102700
0.12441200 3.13395800 -2.22356300
1.31355700 2.13377000 -3.12206200
0.12619900 3.14322000 -4.02017800
-2.04627900 1.83515900 -2.91252000
-2.71483100 0.96193200 -2.84550400
-2.12159200 2.42402100 -1.98579600
-2.37122000 2.46669100 -3.76293600
6.42360800 -0.52994900 -0.66337400
-6.18521500 -0.36679900 -0.16081700
7.07188000 -1.82683000 -0.79518100
6.68810900 -2.37203300 -1.67415300
8.13525400 -1.59274200 -0.93528100
6.93663700 -2.43014100 0.11833100
-6.88149100 -1.54170000 -0.66411200
-7.94560200 -1.31876000 -0.51159200
-6.67990100 -1.69333500 -1.73806500
-6.60158400 -2.44242900 -0.09168100
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TS = [Ru(4,4’-(OMe): Bid) ( Bpy) (H—CO2)]
Ru -0.12686800 -0.31496600 -0.32042900
-0.31328600 -0.06359300 -1.97922200
-0.30359600 1.67929200 -0.07251700
2.03943700 2.33401100 0.20991200
1.97682400 -0.06158200 -0.38209700
-2.73138400 1.95875400 -0.22757700
-2.22871500 -0.45790100 -0.24829600
0.09988300 -2.35753200 -0.39902300
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0.09904100
0.74572500
0.19342900
-1.19490800
-1.49622400
0.80254200
1.88559200
-0.01741700
0.43084700
-1.40732600
-2.02308400
-2.01422000
-3.09603200
-3.10019500
-4.49431400
-5.13343900
-5.05614600
-4.18103000
-4.53790600
-2.82104000
-2.14004600
2.63880900
4.04657400
4.51878500
4.82595400
4.16131100
4.69535900
2.78049900
2.26588300
0.01334300
-0.25678000
0.26114600
0.18161200
0.61589500
0.82731600
0.68564000
0.94494100
0.41818000
0.42274200
0.70487100

-0.82036700 1.72100900
2.55806900 0.13552700
3.91875200 0.27371100
3.81374900 0.11876100
2.38452400 -0.08858200
5.14692700 0.49709600
5.22314800 0.61604900
6.28320500 0.56407400
7.26387800 0.73883200
6.17832200 0.40727100
7.07893300 0.46099400
493358400 0.18236000
4.84592200 0.05895200
0.63107200 -0.29472400
0.43358500 -0.37022300
1.31254700 -0.41690000
-0.83818000 -0.35679400
-1.93658900 -0.24896400
-2.96286900 -0.20787900
-1.69179400 -0.20047400
-2.53564200 -0.12551100
1.11576600 -0.02960700
1.14945700 0.05986000
2.08787700 0.34220000
0.03507900 -0.22797100
-1.13798000 -0.63700800
-2.04406400 -0.91193400
-1.12578400 -0.69387900
-2.02405800 -1.02678400
-3.12683900 -1.52559600
-2.58917000 -2.43495000
-4.49160100 -1.53392300
-5.04711900 -2.46908200
-5.12937500 -0.34006400
-6.19933100 -0.31778700
-4.37294700 0.82418400
-4.85076700 1.76904700
-2.99913700 0.78607900
-2.13501800 1.96861700
-2.57939600 3.26727300




0.96551500 -3.62226200 3.44514100
0.65347300 -1.68383800 4.32988900
0.87619000 -2.02006700 5.34371500
0.31114900 -0.35185000 4.07812300
0.25694700 0.38017400 4.88452800
0.04259700 0.03764000 2.77213600
-0.22904000 1.06589400 2.52660900
0.93485500 0.38320800 -3.07138500
0.94758100 1.57269900 -3.01261900
1.27321600 -0.67163000 -3.51178900
-6.41743200 -0.91242300 -0.43254800
6.17825900 0.17824400 -0.10520000
-6.96635100 -2.25845600 -0.38996400
-6.71068900 -2.76223700 0.55784200
-8.05328700 -2.11763000 -0.45493300
-6.61417700 -2.85813700 -1.24663300
6.95848200 -0.99971500 -0.45130200
8.00241400 -0.69863700 -0.29274900
6.71063900 -1.84954100 0.20741300
6.80621400 -1.27924400 -1.50773100
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[Ru(4,4’-(0Me) Bid) ( Bpy) (H-CO2)]
-0.00716600 -0.34429400 -0.25369300
-0.12337700 1.65834900 -0.00801200
2.24707900 2.26911200 0.04105900
2.08815600 -0.13473300 -0.49882000
-2.54763500 1.99531400 0.01982700
-2.11150600 -0.43265200 -0.07866300
0.14575400 -2.39487700 -0.35816700
0.28989900 -0.81145800 1.68902500
0.95933800 2.51636700 0.08923100
0.44937200 3.88853100 0.27113800
-0.94791800 3.81234300 0.24924100
-1.29881900 2.39011900 0.07352200
1.10406000 5.10347400 0.42577400
2.19487300 5.15612100 0.43793100
0.31830400 6.25672600 0.56350800
0.80113800 7.22845000 0.68828500
-1.08236100 6.18069000 0.54067700
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-1.67083200 7.09464900
-1.73448400 4.94932600
-2.82455200 4.88467700
-2.95326100 0.67779700
-4.35130000 0.52103400
-4.96741800 1.41729700
-4.94607800 -0.73600400
-4.09846300 -1.85937400
-4.48069100 -2.87710300
-2.73286000 -1.65185100
-2.07674900 -2.51736600
2.79906000 1.03639300
4.20636500 1.04882500
4.72023800 1.98437700
4.93517500 -0.08584600
4.21500800 -1.25787400
4.70404700 -2.18023400
2.83645500 -1.22276900
2.27679400 -2.12198200
-0.00239400 -3.15630900
-0.26925400 -2.60760000
0.17415200 -4.53315000
0.04672100 -5.09301200
0.65636700 -4.41838700
0.91498100 -4.90007800
0.46047000 -3.03408700
0.54312200 -2.14000800
0.83200600 -2.55297400
1.03076500 -3.60509500
0.59695400 -0.28227800
0.60744400 0.47939100
0.31650100 0.08696300
0.10283200 1.12080600
-0.69553500 0.44180500
-0.01676000 -0.20688400
-1.71938300 -0.15457800
-0.18704400 1.53015400
0.51834600 -5.17672300
0.67260400 -6.25626600
0.86340600 -1.62286800

0.64729700
0.38154900
0.36015200
-0.06972600
-0.12306300
-0.12415800
-0.16506900
-0.12457000
-0.13105700
-0.08155400
-0.05473100
-0.24373200
-0.30495500
-0.09600300
-0.64588700
-0.94754200
-1.25065000
-0.85912400
-1.10361000
-1.47941600
-2.38504200
-1.47900400
-2.40594500
0.87240100
1.81543900
0.82239300
1.97412700
3.27922800
3.48178500
4.02079300
4.80077700
2.71264900
2.44261500
-2.83016800
-2.11298400
-3.20166300
-3.13884600
-0.28547000
-0.25829200
4.31213100




1.09078500 -1.93823300 5.33120700
-6.30689600 -0.77113500 -0.22638700
6.29155700 0.03959800 -0.67189300
7.02040900 -1.16382400 -1.04546600
8.07780700 -0.87154000 -1.00563900
6.82925600 -1.98201700 -0.33060200
6.75764100 -1.48231000 -2.06843300
-6.89073600 -2.10270100 -0.29104800
-6.65270100 -2.68598900 0.61456900
-7.97309900 -1.92781400 -0.34688200
-6.54897200 -2.63919100 -1.19236900
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[Ru(4,4’-(OMe) Bid) ( Bpy) (0-COH)]
-0.08913100 -0.35257000 -0.27492800
-0.21585800 1.64771500 -0.07574100
2.14718500 2.23003600 0.16823600
1.99942500 -0.15487600 -0.46139400
-2.63458000 1.98619500 -0.20645800
-2.19439100 -0.44168700 -0.14851800
0.08715500 -2.39829500 -0.31261700
0.19486200 -0.75044200 1.68850500
0.86112200 2.49332200 0.12902000
0.34543500 3.86437300 0.30254500
-1.04710200 3.79872300 0.16009200
-1.38940500 2.38113700 -0.06815200
0.98927000 5.07148500 0.54111800
2.07526700 5.11671800 0.64836000
0.20042200 6.22711700 0.63970500
0.67623700 7.19190400 0.82919200
-1.19319200 6.16193300 0.49529600
-1.78425000 7.07719600 0.57292800
-1.83527700 4.93849600 0.25206400
-2.92004000 4.88250800 0.13683700
-3.03326600 0.66535500 -0.26967200
-4,42561600 0.49695800 -0.40475200
-5.04258900 1.38673500 -0.50942900
-5.01644600 -0.76236500 -0.37688600
-4,17603100 -1.87509800 -0.17747800
-4.56071800 -2.88975300 -0.10795800
-2.81408500 -1.65900100 -0.07578900
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-2.15753400
2.70444200
4.11310900
4.62520900
4.84708100
4.13288500
4.62738900
2.75143900
2.19455200
-0.06403200
-0.35560800
0.15282000
0.02309900
0.54414400
0.73310900
0.68437900
0.97845500
0.44418600
0.50390200
0.80686400
1.05313800
0.79165400
1.03067100
0.45959200
0.42891000
0.17007500
-0.09371300
0.12526100
-0.26508100
-0.44444900
1.01040700
-6.37176600
6.20575600
-6.95619600
-6.78093700
-8.03160600
-6.55929000
6.94078400
7.99789600
6.72289200

-2.51347000
1.00442000
1.01275500
1.93510700
-0.10594600
-1.25563800
-2.16051200
-1.22130000
-2.10364500
-3.20207900
-2.68658500
-4.57195900
-5.16556900
-5.16603800
-6.23894100
-4.36589100
-4.80796900
-2.98954600
-2.06177000
-2.43515900
-3.47299900
-1.48500400
-1.76817400
-0.16460700
0.61155700
0.16344300
1.18064400
0.56142600
0.41748600
-0.22043100
1.40595900
-0.80891400
0.01584500
-2.13980100
-2.60624100
-1.97717700
-2.78383900
-1.16961600
-0.88684000
-2.02361000

0.07127700
-0.13958800
-0.15964100

0.10556400
-0.54059700
-0.92807900
-1.27249900
-0.86881500
-1.17691900
-1.40350900
-2.32061100
-1.36324400
-2.26884200
-0.15767700
-0.09972500
0.97094800
1.92280500
0.88284000
2.00895900
3.32348500
3.54814900
4.33789500
5.36381400
4.01725800
4.78257600
2.70087300
241067900
-3.22082600
-4.25523600
-2.37785500
-3.02796000
-0.52456600
-0.52234200
-0.46525900
0.51920000
-0.61495600
-1.26833800
-0.93579000
-0.84615600
-0.27185800




H 6.71083700 -1.43237000 -1.98242200

TS = [Ru(4,4’-(OMe): Bid) ( Bpy) (--0CO3)]

-0.03399100 -0.31886600 -0.28837100
-0.14340900 1.69389900 -0.13259900
2.22425100 2.29322900 0.05394800
2.09241900 -0.13651400 -0.36494800
-2.56965700 2.02679200 -0.11030700
-2.13548200 -0.40376900 -0.13479000
0.11819200 -2.36314400 -0.37952700
0.15775900 -0.76135600 1.62726300
0.93793600 2.54773100 0.01986000
0.42295400 3.92143200 0.17620000
-0.97355700 3.84712500 0.11148200
-1.32167400 2.42458900 -0.06627100
1.07318400 5.13505100 0.35968400
2.16302600 5.18596500 0.40938400
0.28495500 6.28832000 0.48031400
0.76473000 7.25840400 0.62796200
-1.11464600 6.21417800 0.41433200
-1.70530500 7.12784600 0.51118200
-1.76248500 4.98453500 0.22817400
-2.85166600 4.92066400 0.17771500
-2.97562500 0.70746100 -0.15524700
-4.37470000 0.55019400 -0.18272700
-4.99074200 1.44628400 -0.20526300
-4.97092500 -0.70686100 -0.16491800
-4.12376500 -1.82873200 -0.09656600
-4.50647600 -2.84568200 -0.05995400
-2.75652600 -1.62068600 -0.08348100
-2.09994700 -2.48554400 -0.03944700
2.78831200 1.04768000 -0.13957100
4.19742700 1.06322700 -0.12513700
4.69761800 2.01134000 0.05906500
4.94442400 -0.08433300 -0.36886500
4.24134300 -1.27388700 -0.63743500
4.74520800 -2.21012400 -0.86399100
2.85899800 -1.23875100 -0.62127900
2.31780100 -2.15365300 -0.84817100
0.02661400 -3.12196100 -1.50685400
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-0.19293100 -2.57276600 -2.42512600
0.21200700 -4.49800000 -1.49598900
0.13355700 -5.06025400 -2.42691700
0.50346500 -5.13832000 -0.28607500
0.66232100 -6.21706100 -0.25194600
0.58575400 -4.37964300 0.87736800
0.80453100 -4.85787000 1.83217500
0.38474300 -2.99691500 0.81539300
0.40613400 -2.08765100 1.95375600
0.62544900 -2.47481000 3.27949500
0.82639100 -3.52230700 3.50573900
0.58547400 -1.53036400 4.29826300
0.75928600 -1.82585600 5.33356300
0.31237800 -0.19856100 3.96850400
0.26361800 0.57430800 4.73607400
0.10469800 0.15131400 2.64287400
-0.10742200 1.17818300 2.34769000
-0.28794300 0.23217200 -3.54337200
-0.37515200 0.42227700 -4.64430500
-1.37391100 0.10462300 -2.92349300
0.87209200 0.16065600 -3.06302600
-6.91899100 -2.07414500 -0.17494300
-6.60731600 -2.66005400 -1.05634600
-6.65207800 -2.60880700 0.75254400
-8.00267800 -1.90080000 -0.20603800
7.04488000 -1.16468100 -0.65721500
6.84364300 -1.96032900 0.08003800
6.80613900 -1.51909400 -1.67430000
8.09976200 -0.86502900 -0.60462400
-6.33362700 -0.74254300 -0.19938000
6.30161800 0.04549700 -0.34037300
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TS = [Ru(4,4’-(OMe): Bid)( Bpy)(H—H—OCHO)]
Ru -0.15431900 -0.34544000 -0.28696100
-0.22105200 1.67261800 -0.15496300
213474900 2.19884500 0.25977600
1.96157900 -0.22052700 -0.20408800
-2.62860700 2.07832500 -0.35395500
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-2.26693800
-0.05738800
-0.16969500
0.86266400
0.37368400
-1.01146800
-1.37726000
1.03582000
2.11687000
0.27138000
0.76152000
-1.11645000
-1.68829800
-1.77656700
-2.85662100
-3.06695300
-4.46007600
-5.04325000
-5.09141800
-4.28987700
-4.70423900
-2.92716700
-2.30325900
2.67758700
4.08600000
4.60105800
4.81437200
4.09344800
4.58258300
2.71226300
2.15519300
-0.05347400
-0.16986200
0.09258800
0.09321600
0.24173400
0.36781500
0.21944900
0.32131500
0.06295700

-0.36313000 -0.40019700
-2.40019700 -0.18074100
-0.66291800 1.76482600
2.49040400 0.12469400
3.87457000 0.27419900
3.84284800 0.07309800
2.43567000 -0.17929500
5.06444100 0.54700600
5.08265100 0.70154300
6.23834500 0.61670700
7.19099200 0.82958600
6.20678800 0.41440000
7.13565700 0.47159600
5.00019500 0.13901000
4.96979100 -0.02093300
0.77615900 -0.48065300
0.66401200 -0.66526600
1.57982200 -0.73291300
-0.57222800 -0.74662400
-1.72334600 -0.62151500
-2.72783000 -0.65583400
-1.56045500 -0.45546900
-2.44630200 -0.37109400
0.94529400 0.05974200
0.93107900 0.10570700
1.86690600 0.31029100
-0.22860800 -0.13484600
-1.40405200 -0.41862400
-2.35210200 -0.62749300
-1.34030300 -0.43390900
-2.24284800 -0.66917300
-3.26147300 -1.24109800
-2.79515600 -2.22006700
-4.63398400 -1.10122200
-5.26818800 -1.98837600
-5.17752400 0.17917300
-6.25181400 0.32040300
-4.32173600 1.27459100
-4.72273000 2.28280700
-2.94389100 1.08349600




-0.01322200 -1.97033200 2.17234600
0.03583800 -2.30536500 3.53093600
0.16431000 -3.34457200 3.83242700
-0.08197700 -1.30960700 4.49405100
-0.04316000 -1.56180600 5.55472700
-0.25547300 0.01366300 4.07914000
-0.35686400 0.82395200 4.80161600
-0.29444100 0.29670700 2.72010800
-0.42783300 1.31566500 2.35472200
2.33392200 0.08865700 -3.34578700
3.27708700 -0.25216200 -3.83177500
1.47139200 -0.85876700 -3.19998400
2.20655300 1.27247900 -3.01727100
-6.44328600 -0.56360100 -0.92837700
6.17385300 -0.12536300 -0.08265700
-7.06270400 -1.87689000 -1.02344500
-6.92313100 -2.44957000 -0.09085600
-8.12969300 -1.67005000 -1.17894600
-6.66095600 -2.44130800 -1.88203900
6.89817800 -1.35012900 -0.38546800
7.95790100 -1.07433900 -0.30527600
6.66117900 -2.14381300 0.34330500
6.67736800 -1.69645800 -1.40948300
0.50398800 -0.44765700 -2.40956200
-0.28099400 -0.12991400 -2.00231800
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[Ru(4,4’-(COOMe): Bid) ( Bpy)(Cl)]

Ru 0.56208600 -0.85838400 0.19545600
2.52233800 -0.38141700 0.19008700
2.70493900 0.85667500 2.28915500
0.46056600 -0.16140400 2.18791600
3.23049500 -1.36526600 -1.93227400
0.77673000 -1.56721000 -1.77656100
-1.46213800 -1.16859800 0.18797900
-0.08626300 0.95506300 -0.40201800
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3.16951600
4.57890000
4.73924100
3.42139900
5.64415500
5.51381700
6.88970200
7.74774100
7.05034100
8.03150600
5.96919200
6.08910600
2.00116400
2.05858600
3.05006500
-0.32112900
-1.26260200
-0.34065700
-1.29331400
1.44426100
1.21356200
2.01487500
-0.91210600
-1.83977800
-0.66738900
-1.39635300
-2.11456500
-1.46511100
-3.49491000
-3.96562500
-4.27023500
-3.62256200
-4.22143800
-2.23038800
-1.45666700
-2.02103400
-3.10067700
-1.20144000
0.18248400
0.84264000

0.35095200
0.51766900
-0.15547500
-0.71063300
1.16605600
1.68805200
1.12818200
1.62964900
0.45362800
0.43744600
-0.19911300
-0.72650300
-1.78042900
-2.42910400
-2.58342000
-2.54467700
-2.80588300
-1.93365400
-1.72307700
0.61471300
1.19510900
1.81004000
0.12272400
-0.12687500
-0.40498000
-1.07181700
-2.34586800
-3.20726700
-2.44510300
-3.40784800
-1.29480800
-0.08836700
0.80583600
-0.04145500
1.15157400
2.39127500
2.52638300
3.45737700
3.24889500
4.06654300

1.16824700
0.76719000
-0.45094900
-0.81137800
1.37851000
2.32897300
0.73489600
1.18787000
-0.48453000
-0.96394600
-1.09432800
-2.04322400
-2.39775800
-3.65844300
-4.08215000
-3.72384400
-4.20748500
-2.48248500
-2.00359300
2.78908300
4.06405200
4.47170400
4.18401200
4.69929900
2.92874100
2.47496600
0.41964200
0.58715300
0.46002000
0.65474800
0.25591100
0.00232900
-0.17074700
-0.03941500
-0.36732700
-0.66855300
-0.62473100
-1.02982900
-1.09235800
-1.38174800




0.70091500 2.00623500 -0.77802900
1.77180000 1.80915000 -0.81476000
0.04627500 0.96694400 4.76121400
-0.11603700 1.41573400 5.74303600
0.91500300 -2.82057700 -4.32269700
0.97313500 -3.31644500 -5.29342200
-5.75357300 -1.30137100 0.28357800
-1.73447800 4.80225200 -1.35771100
-6.45195200 -0.30332400 0.11100600
-1.03738000 5.75729900 -1.69486800
-6.24383100 -2.54937500 0.51736900
-3.09060700 4.84807900 -1.23815900
-7.70654400 -2.58959100 0.53197600
-8.10542300 -2.26111300 -0.44019700
-7.95326000 -3.64127000 0.72163800
-8.10003700 -1.94468200 1.33272100
-3.64090400 6.16499500 -1.56105500
-3.41246800 6.42718100 -2.60572300
-4.72211600 6.05972700 -1.41106600
-3.22384000 6.92871200 -0.88665700
1.16226000 -3.12564300 0.99424800
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[Ru(4,4’-(COOMe): Bid)( Bpy)]*
-0.02572400 -0.25714600 -0.47376000
-0.03483100 1.75730400 -0.34517300
2.35763500 2.23278700 -0.15948200
2.09040400 -0.19513700 -0.52866500
-2.43667500 2.21843700 -0.35619500
-2.12583200 -0.23026800 -0.46239800
0.00260800 -2.33028200 -0.54739100
0.04273400 -0.71387500 1.45335100
1.08830300 2.56081300 -0.19598200
0.64730400 3.95877300 -0.05650600
-0.75091900 3.95598400 -0.12511100
-1.17092700 2.55519100 -0.29440200
1.35973700 5.13912500 0.11321400
2.45052500 5.13551800 0.16574300
0.63054600 6.33200900 0.21673200
1.15864900 7.27798500 0.35413000
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-0.77096000 6.32921700 0.14746700
-1.31379800 7.27309400 0.23162400
-1.48160300 5.13321600 -0.02562300
-2.57234300 5.12485300 -0.07878800
-2.90165500 0.92824100 -0.43635700
-4.31479200 0.84274600 -0.46210800
-4.87805700 1.77438600 -0.45285900
-4.96950000 -0.37029600 -0.47087900
-4.19054300 -1.53830900 -0.45781400
-4.65022600 -2.52495000 -0.45377000
-2.81687000 -1.42221300 -0.45389700
-2.21044000 -2.32198900 -0.45216100
2.84459100 0.95870300 -0.32540600
4.25888500 0.89190500 -0.29692400
4.80556200 1.81800300 -0.12765600
4.93354900 -0.29536400 -0.48461400
4.17512900 -1.45610500 -0.70531000
4.65147000 -2.42057500 -0.87161300
2.79955200 -1.36023000 -0.71433900
2.20901900 -2.25216000 -0.89847300
-0.05168300 -3.08921600 -1.67377300
-0.13702100 -2.53507600 -2.61040000
0.00140700 -4.47685200 -1.64158700
-0.04493800 -5.04057900 -2.57351900
0.11814700 -5.12483900 -0.40809300
0.16730000 -6.21313900 -0.35397200
0.16892400 -4.36207000 0.75469600
0.25704500 -4.84526100 1.72742800
0.10543600 -2.96859000 0.66636700
0.12437100 -2.05164400 1.79928600
0.20243000 -2.44307700 3.13867600
0.26686500 -3.50270800 3.38558200
0.19604800 -1.48466900 4.14526000
0.25721100 -1.78406700 5.19212500
0.10814500 -0.13626500 3.79097800
0.09773600 0.64813200 4.54780400
0.03377900 0.21643500 2.45105400
-0.03728000 1.25675000 2.13780900
-6.45480700 -0.38065300 -0.46960200
6.41928200 -0.28597700 -0.45192300




-7.15433400 0.62946200 -0.50052500
7.10152100 0.71669300 -0.25249200
6.92814700 -1.52907800 -0.67286600
-6.94268800 -1.65062200 -0.41773600
-8.40530400 -1.69273200 -0.37814000
-8.65145300 -2.75894400 -0.30370400
-8.77748500 -1.14054700 0.49849800
-8.82553300 -1.25805400 -1.29811900
8.39105200 -1.55686100 -0.63756300
8.75385400 -1.24493900 0.35399800
8.65390900 -2.60231600 -0.83961900
8.80550100 -0.89177500 -1.41069400
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[Ru(4,4’-(COOMe): Bid) ( Bpy) (Hz)]*
-0.01077500 -0.29615600 -0.53915700
-0.01216300 1.73129700 -0.38802100
2.38762700 2.18603000 -0.27481300
2.10204900 -0.24916300 -0.58242200
-2.40961100 2.18350800 -0.23786900
-2.12122800 -0.25351900 -0.52901700
0.00028800 -2.38000100 -0.33917200
0.03518200 -0.52551900 1.52327900
1.12007500 2.52185000 -0.27489400
0.68933300 3.91987900 -0.09555600
-0.71045300 3.91924100 -0.08260700
-1.14277800 2.52080500 -0.25435200
1.41270800 5.09652000 0.04964900
2.50471900 5.09106400 0.04030300
0.69251600 6.28909800 0.20642900
1.22921200 7.23324800 0.32104300
-0.71044000 6.28847100 0.21919400
-1.24584300 7.23212600 0.34340200
-1.43219200 5.09516700 0.07557200
-2.52419200 5.08869900 0.08570200
-2.88454600 0.89905900 -0.37894500
-4.29762600 0.81917900 -0.37036000
-4.85676300 1.74403600 -0.23954700
-4,95736400 -0.38166100 -0.53039800
-4.18657900 -1.54005200 -0.70527300
-4.65053900 -2.51407200 -0.84906200
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-2.81070700
-2.20441700
2.86406100
4.27716200
4.83567900
4.93802100
4.16850000
4.63346100
2.79257500
2.18712000
-0.01677900
-0.02184900
-0.02760100
-0.04140100
-0.02412200
-0.03741600
-0.00353200
-0.00275100
0.01309400
0.04561100
0.08852400
0.10284700
0.11617300
0.14874300
0.10253500
0.12295900
0.06389400
0.05369900
-0.00486200
-0.12248200
6.42474000
-6.44434000
-7.13777100
7.11638600
6.91985900
-6.93725300
8.38273300
8.63401400
8.80210600
8.75064800

-1.42874300
-2.31723900
0.90290100
0.82347200
1.74709900
-0.37597800
-1.53251100
-2.50488300
-1.42177400
-2.30874100
-3.29237300
-2.88052300
-4.66302700
-5.34403700
-5.14107200
-6.21215100
-4.22579600
-4.57606800
-2.85377200
-1.82003400
-2.09327300
-3.12440200
-1.04627000
-1.25230300
0.26488700
1.11551300
0.48780600
1.49796600
0.21568900
-0.61514100
-0.38145500
-0.38664300
0.61453800
0.61831600
-1.63369300
-1.64030600
-1.67640800
-2.72819100
-1.03038700
-1.35022300

-0.69675700
-0.84434500
-0.42155800
-0.40761800
-0.26573800
-0.57338700
-0.76603300
-0.91762600
-0.76255900
-0.92260300
-1.35195600
-2.36201800
-1.13230100
-1.98344300
0.17993000
0.38576100
1.22588400
2.25710300
0.95207100
1.98823700
3.35918400
3.70903000
4.27369100
5.34434600
3.79759100
4.47880300
242679900
2.02025100
-2.20587800
-2.24802000
-0.54472000
-0.51673400
-0.35363600
-0.36592500
-0.74067100
-0.70882600
-0.70749100
-0.89035900
-1.49393900
0.27754700




-8.40044400 -1.68234400 -0.69508400
-8.64961900 -2.73544300 -0.87318200
-8.78123000 -1.34845700 0.28241300
-8.80903500 -1.04250000 -1.49220600

— T = O

[Ru(4,4’-(COOMe): Bid) ( Bpy) (H)]
-0.09512100 -0.24226500 -0.50747700
-0.27621800 -0.06361800 -2.13057500
-0.13801300 1.76347700 -0.33528600
2.24536900 2.26473000 -0.13526800

1.99140800 -0.13224200 -0.67923400
-2.54506600 2.17173800 -0.40827100
-2.16849400 -0.26910500 -0.35156700
0.01354000 -2.30686600 -0.45700800
0.22574800 -0.66395500 1.60185200
0.96635400 2.57822600 -0.16400300

0.50244500 3.96660000 0.00017700

-0.89597700 3.94361500 -0.10201900
-1.28569400 2.53756700 -0.30316700
1.19017200 5.15558800 0.20720300

2.27954900 5.16810600 0.28566300

0.44080000 6.33684100 0.31182400

0.95172000 7.28825000 0.47569800

-0.95785200 6.31426800 0.20727300

-1.51742300 7.24869300 0.28982200
-1.64514000 5.10905900 -0.00071800
-2.73417800 5.08588000 -0.08182000
-2.97720100 0.86896200 -0.43717600
-4,38595600 0.73955200 -0.49989700
-4,97387500 1.65068800 -0.60181800
-4.20144500 -1.62398600 -0.22712400
-4.63663600 -2.61546800 -0.11321100
-2.83208900 -1.46967100 -0.20936900
-2.19736800 -2.34276000 -0.08854600
2.74149700 1.00965200 -0.38531000

4.15699000 0.94542100 -0.35960800

4.69860900 1.85613400 -0.10867200
4.08652200 -1.35063100 -1.00546900
4.56891900 -2.28750500 -1.27876100
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2.71116300 -1.26028900 -1.00671400
2.12019700 -2.12379300 -1.29989300
-0.16912500 -3.13004900 -1.53308300
-0.44645500 -2.62621200 -2.45927800
-0.00739500 -4.50625800 -1.47546200
-0.16372200 -5.10436400 -2.37385800
0.36238000 -5.09853900 -0.26390300
0.53438500 -4.28493300 0.84980200
0.81298300 -4.72761300 1.80570700
0.34941500 -2.90031900 0.74696400
0.47352900 -1.98346400 1.88749000
0.80053100 -2.39432900 3.18724700
0.99571000 -3.44408600 3.40278500
0.87726700 -1.45236800 4.20775200
0.62205500 -0.11030100 3.91556400
0.67131400 0.65660100 4.68911000
0.30254100 0.23975700 2.60873800
0.09152800 1.27500100 2.33172200
4.84011400 -0.21541100 -0.65529700
5.90917585 -0.23446892 -0.61475614
-5.01086400 -0.48672700 -0.40308500
-6.07719309 -0.55290760 -0.46192715
0.57015062 -6.62073330 -0.15733898
1.23916013 -1.89026896 5.63914157
0.90290927 -7.13942586 0.93983934
1.30896219 -1.03917693 6.56344703
0.38430778 -7.44761413 -1.30913347
149676741 -3.26877269 5.91890212
0.65966900 -8.80897408 -0.96887581
-0.01119861 -9.12670663 -0.19823798
0.52823890 -9.42618227 -1.83298240
1.66800617 -8.89267287 -0.62080878
1.82110007 -3.42241557 7.30313555
0.99929309 -3.08807567 7.90125770
2.01741086 -4.45347813 7.51115499
2.68927869 -2.84065641 7.53274861

— T - O - T T 0 O O O o H6O o X O o O @-m 6O T 0O O @ 0o 0O o0 @D 6O o0 @D 60O Im 0 @m0

TS = [Ru(4,4’-(COOMe); Bid)( Bpy) (H—H—NMes)]*

N 0.13650000 1.61009900 0.21468600
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2.52288600
2.23788700
-2.24137100
-1.95591500
0.08869600
-0.01658400
1.26202200
0.83866000
-0.54953000
-0.97969500
1.55598900
2.63742900
0.84497300
1.37831700
-0.54399600
-1.07318900
-1.26105300
-2.34241700
-2.71819300
-4.13056300
-4.68988300
-4.79079800
-4.02093700
-4.48782900
-2.64545800
-2.03609000
2.99663500
4.40158800
4.95370100
5.06550400
4.30678800
4.77783200
2.93616300
2.33721300
0.19202600
0.35605900
0.09067300
0.18211200
-0.13217800
-0.22360300

2.10490600
-0.34391300
1.98956600
-0.30898900
-2.44511000
-0.92007900
2.41457300
3.77989600
3.73876000
2.35555000
4.95692000
4.98375400
6.10852100
7.05112200
6.06753500
6.97851700
4.87455300
4.83860800
0.76031500
0.66444500
1.51346900
-0.44470000
-1.49425800
-2.38117400
-1.38493400
-2.18561300
0.82422600
0.75626300
1.69390700
-0.45101500
-1.62840300
-2.60932900
-1.52738000
-2.43154300
-3.18169500
-2.60766000
-4.56578300
-5.10139200
-5.24631100
-6.33312700

0.07649500
-0.07573600
0.62906400
-0.22870600
-0.25492300
1.87905800
0.27137900
0.63167800
0.82219800
0.54743000
0.80156700
0.65183500
1.16916100
1.30957100
1.36009400
1.64804000
1.18704200
1.33537900
0.23300100
0.25759300
0.64707700
-0.23025100
-0.75849900
-1.18289200
-0.73220400
-1.14423300
-0.09860400
-0.25550500
-0.29216400
-0.33397000
-0.23713300
-0.26459900
-0.11222500
-0.04744600
-1.39801400
-2.31174200
-1.41536200
-2.36068300
-0.21503400
-0.19717500
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-0.23374600
-0.40161000
-0.11493600
-0.16286500
-0.32041900
-0.43548900
-0.32779000
-0.45188000
-0.16907000
-0.16407100
-0.01663600
0.11608600
-0.15316400
0.41169300
-0.74695000
0.14302600
-0.63796200
0.40069900
-1.30373000
-0.91844200
0.18569200
0.05049800
1.22152600
0.01702700
-2.13224000
-2.79992700
-2.19867900
-2.46815200
6.54180100
-6.27627200
7.22939600
-6.97159500
7.03873000
-6.77186800
8.49239600
8.74538500
8.78408900
8.98367000
-8.23458600
-8.48870000

-4.51389600 0.96268700
-5.02609900 1.90986100
-3.11990200 0.93014700
-2.26717600 2.12103500
-2.75262600 3.42382100
-3.82135200 3.59931700
-1.86627000 4.49565900
-2.23711200 5.51409600
-0.50180400 4.24714600
0.22529500 5.05939700
-0.06812500 2.93588700
0.98800400 2.69877100
0.42792600 -2.01432900
-0.24584600 -1.82347300
1.32557400 -3.08127700
-0.37941400 -0.13178500
0.43148900 -4.24587900
0.07016600 -4.33093300
-0.43560300 -4.09566100
0.94465800 -5.18552700
2.45772300 -3.20195800
3.13355200 -2.34318800
2.07693900 -3.20084600
3.02805700 -4.13651600
1.79481800 -2.91631100
0.92853100 -2.78375200
244622000 -2.03123700
2.36774300 -3.80408200
-0.44575300 -0.49880900
-0.46322300 -0.19713500
0.57063900 -0.57201700
0.43076300 0.28076500
-1.71232900 -0.56041200
-1.59499700 -0.77027200
-1.74283600 -0.72268000
-2.80909000 -0.76864000
-1.22912400 -1.65186100
-1.26139700 0.13701100
-1.64059800 -0.75890000
-2.58060200 -1.26363500




H -8.60732000 -1.63882900 0.27697700
H -8.64758500 -0.77773600 -1.30365200

TS = [Ru(4,4’-(COOMe); Bid)( Bpy) (H—CO:)]

-0.12766300 -0.35341300 -0.29403600
-0.35906200 0.01396300 -1.91830000
-0.15600200 1.63546900 0.02161800
2.23254200 2.11901200 0.19034300
1.96650800 -0.25702400 -0.42905600
-2.55636700 2.07717500 -0.09863700
-2.20939600 -0.36696800 -0.14728400
-0.07349000 -2.41039000 -0.48644300
0.14132800 -1.00258500 1.71976200
0.95657500 2.44088200 0.17780200
0.50768300 3.83638500 0.32513100
-0.88932000 3.82785300 0.21357000
-1.29382500 2.42393500 0.02421900
1.20817400 5.02031000 0.51701200
2.29716300 5.02207800 0.60075800
0.47145000 6.21121600 0.59837600
0.99199400 7.15941100 0.74984100
-0.92666600 6.20282500 0.48506100
-1.47596500 7.14472000 0.54851300
-1.62631400 5.00260900 0.29089300
-2.71473400 4.99043800 0.20052200
-3.00487500 0.77989900 -0.16091100
-4.41820000 0.67347600 -0.19952200
-4.98259700 1.60297900 -0.23517900
-5.05170200 -0.55214000 -0.16885600
-4.25137100 -1.70373700 -0.08470000
-4.71106000 -2.69021200 -0.03247800
-2.88071400 -1.56816800 -0.07362800
-2.25636300 -2.45452200 -0.01432100
2.72082700 0.86558700 -0.08544600
4.13714900 0.79130800 -0.03911200
4.66907300 1.69576500 0.24823800
4.81103000 -0.36840900 -0.35988700
4.05189600 -1.48284500 -0.75607800
4.54482900 -2.41069000 -1.04442500
2.67855100 -1.38298200 -0.77898000
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2.08680300 -2.23498000 -1.10167500
-0.25993000 -3.09286800 -1.65304600
-0.46369700 -2.47418800 -2.52770200
-0.19052200 -4.47632600 -1.73906900
-0.34645400 -4.96479800 -2.70143800
0.08197000 -5.21834200 -0.58592600
0.14715900 -6.30662000 -0.62269900
0.26237500 -4.54345400 0.61661900
0.46354700 -5.10256600 1.52996400
0.17707300 -3.14737400 0.65514600
0.31494200 -2.35588700 1.88223200
0.58833300 -2.90369000 3.14221200
0.73013600 -3.97804200 3.25613800
0.68607900 -2.06818300 4.24988700
0.90199400 -2.48567800 5.23460300
0.50554900 -0.69301400 4.08202000
0.57439900 -0.00626200 4.92592000
0.23811300 -0.20143100 2.80962600
0.08819300 0.86427000 2.62791000
0.79238600 0.47222200 -3.04239800
0.85369700 1.65698500 -2.92512400
1.07261900 -0.56502300 -3.56202500
-6.52516900 -0.70861400 -0.20562100
6.28848400 -0.48686900 -0.32094800
-7.10291200 -1.79503000 -0.20885600
6.90714200 -1.51254200 -0.60197000
6.88097600 0.67770200 0.06619700
-7.16375800 0.49489400 -0.23301300
8.33897600 0.57847800 0.11756500
8.74059100 0.32275800 -0.87514700
8.67503200 1.57431100 0.43141200
8.64454300 -0.18665900 0.84810200
-8.61980000 0.36072300 -0.27081600
-8.97646700 -0.18191400 0.61848100
-8.99340700 1.39185200 -0.27638900
-8.93171200 -0.17421700 -1.18142900
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[Ru(4,4’-(COOMe): Bid) ( Bpy) (H-CO2)]

Ru -0.00473300 -0.27781600 -0.23524500
N -0.03157700 1.72758100 -0.01995500
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2.36076000
2.09493900
-2.43613900
-2.09832300
0.06182200
0.21636900
1.08602300
0.63991300
-0.75982200
-1.17177000
1.34794600
2.43999600
0.61309800
1.13811800
-0.78947900
-1.33703300
-1.49586900
-2.58767000
-2.88793100
-4.29928900
-4.87589100
-4.93651700
-4.14151100
-4.58624000
-2.76910700
-2.14812000
2.84867300
4.26377500
4.81113200
4.93700400
4.17615900
4.64939500
2.80040800
2.20565100
-0.07451500
-0.29628200
0.05234600
-0.06332500
0.45793600
0.66779900

2.22232400
-0.18867400
2.16579300
-0.27734000
-2.34792900
-0.75435700
2.53814300
3.93340300
3.91879600
2.51301100
5.12018100
5.12575100
6.30842700
7.25963100
6.29399000
7.23430300
5.09078400
5.07399300
0.86969100
0.76537200
1.68888600
-0.45742000
-1.61433800
-2.60781700
-1.47759200
-2.36790200
0.95939400
0.89997400
1.81945100
-0.26970900
-1.41710900
-2.36382600
-1.32909400
-2.20735800
-3.10577800
-2.55096900
-4.48883400
-5.04930600
-4.37737200
-4.86307100

0.04805900
-0.41789400
0.01088500
-0.09950500
-0.31523400
1.73001000
0.07503600
0.23366900
0.21264800
0.05567100
0.37167400
0.38392500
0.49263800
0.60387500
0.47074300
0.56443800
0.32909800
0.30901000
-0.07175900
-0.10282300
-0.09623900
-0.13383900
-0.11659600
-0.12336400
-0.09667200
-0.08977000
-0.18666600
-0.21345600
-0.01352200
-0.49507700
-0.77118500
-1.02519100
-0.72297100
-0.95440700
-1.43769400
-2.35245900
-1.42500800
-2.35301500
0.94157700
1.89445000




0.31479900 -2.98778900 0.87724700
0.39886300 -2.08886100 2.02716900
0.62601000 -2.50598200 3.34270400
0.76937500 -3.56420000 3.55890500
0.47126000 -0.22082600 4.06409100
0.49089100 0.54461800 4.83996300
0.25092600 0.15097000 2.74448600
0.09420100 1.19163300 2.46122700
-0.77295200 0.38136400 -2.85816600
0.03984700 -0.01648400 -2.08859600
-1.53751400 -0.50654300 -3.26450600
-0.62175400 1.57680300 -3.13952000
0.33081100 -5.13631500 -0.21764600
0.44397700 -6.22061800 -0.17975100
0.66605700 -1.56952600 4.36998200
0.84494100 -1.88785100 5.39781400
6.42254900 -0.25566200 -0.50403000
-6.42047700 -0.48783400 -0.17960200
7.10963200 0.73648300 -0.27016300
-7.13569100 0.51174100 -0.15864700
-6.89017400 -1.76416000 -0.25563700
6.92980300 -1.48422900 -0.80068800
-8.35029600 -1.82601200 -0.32879700
-8.57907500 -2.89438500 -0.42504800
-8.79723600 -1.41169300 0.58812700
-8.71200800 -1.26606600 -1.20485100
8.39287400 -1.50431000 -0.80566000
8.78043700 -1.21149300 0.18239100
8.65595700 -2.54332500 -1.03855900
8.78267800 -0.81937500 -1.57457800
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[Ru(4,4’-(COOMe): Bid) ( Bpy) (0-COH)]
Ru -0.10184200 -0.38757900 -0.30767500
-0.14315500 1.60655600 -0.05408800
2.23993500 2.08013900 0.18308500
1.97753400 -0.28027200 -0.49472700
-2.54558400 2.03066100 -0.14628100
-2.18449300 -0.41224200 -0.12782400
-0.01023400 -2.44896000 -0.41013800
0.19439100 -0.87178500 1.65256600
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0.96768700
0.51176900
-0.88442000
-1.28465400
1.20604700
2.29392600
0.46475200
0.98066300
-0.93190700
-1.48472100
-1.62570100
-2.71302400
-2.98434400
-4.39653400
-4.96988100
-5.01836700
-4.21087100
-4.66347800
-2.84094400
-2.20673500
2.73016700
4.14518300
4.68054600
4.81668500
4.05596300
4.54705200
2.68048800
2.08298100
-0.20447400
-0.47920900
-0.04958200
-0.21292900
0.32423800
0.46608300
0.50861400
0.79105300
0.32849700
0.44171000
0.74350700
0.93833600

2.40865200
3.79999200
3.78941500
2.38675400
4.98243600
4.98593000
6.16944100
7.11628500
6.15896800
7.09804600
496042400
4.94680400
0.72758500
0.60817300
1.53079300
-0.62237400
-1.76538100
-2.75367600
-1.61687300
-2.49384900
0.83204500
0.75893800
1.64941600
-0.37884900
-1.46860300
-2.37131800
-1.37777000
-2.21197500
-3.20627900
-2.64997800
-4.58590900
-5.14415000
-5.23370900
-6.31510000
-4.47784100
-4.96440600
-3.09090500
-2.20403100
-2.63606200
-3.69124900

0.13835400
0.30360300
0.17603900
-0.03499900
0.52442500
0.62120600
0.61787800
0.79164100
0.48859800
0.56208400
0.26595400
0.16376200
-0.18442300
-0.22647600
-0.28784300
-0.16526500
-0.04653100
0.02822200
-0.02805300
0.06495200
-0.12331700
-0.09632500
0.22599100
-0.49679800
-0.94988200
-1.31163100
-0.93023600
-1.28899800
-1.52492900
-2.42299900
-1.53011500
-2.45239100
-0.34817600
-0.32552700
0.80479900
1.73835100
0.76198100
1.91994300
3.21611700
3.40529500




0.79256500 -1.71843500 4.25968900
1.03110800 -2.04776500 5.27188200
0.52822000 -0.37340600 3.98900900
0.55078300 0.37803900 4.77862300
0.23552500 0.01073500 2.68755100
0.02164200 1.04909000 2.43302500
0.18379600 0.57563500 -3.20789700
-0.22654100 0.51727300 -4.24180200
-0.48748300 -0.14609900 -2.38304800
1.17972800 1.27689600 -2.99268900
6.29597900 -0.49035900 -0.49635500
-6.49198500 -0.79081800 -0.19851000
-7.06057600 -1.88150600 -0.17973300
6.91356400 -1.47557200 -0.89782700
6.88689900 0.62948900 0.00680900
-7.13855600 0.40707200 -0.24527300
-8.59416300 0.26310900 -0.27029500
-8.93995600 -0.27205700 0.62775500
-8.97437100 1.29169800 -0.28451900
-8.90922500 -0.28364800 -1.17266100
8.34711600 0.54692700 0.01463500
8.67569300 1.48392400 0.48046400
8.67948900 -0.32197200 0.60316000
8.73103900 0.46664300 -1.01436400
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TS = [Ru(4,4’-(COOMe): Bid) ( Bpy) (--OCOH)]
Ru -0.03837700 -0.25831100 -0.25876100

N -0.03684100 1.72860000 0.09933600
N 2.36233000 2.19641100 0.16271300
N 2.07540100 -0.21818900 -0.26997600
N -2.43426500 2.20646600 0.07046600
N -2.13590900 -0.23483400 -0.17026100
N -0.03960300 -2.27387100 -0.62701800
N 0.06855500 -0.98199600 1.58734500
C 1.09318400 2.52773000 0.18368700
C 0.66414000 3.93124600 0.31330600
C -0.73533700 3.93479100 0.28000900
C -1.16487100 2.53312800 0.13738000
C 1.38638600 5.11164200 0.43379500
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2.47829300 5.10349000 0.45415500
0.66623100 6.31126800 0.52528100
1.20265500 7.25774700 0.62158700
-0.73645200 6.31470300 0.49179800
-1.27240500 7.26370100 0.56225400
-1.45705900 5.11843700 0.36674500
-2.54877000 5.11517200 0.33646000
-2.90548200 0.92101800 -0.04457800
-4.31897200 0.83889800 -0.02031200
-4.87781300 1.76914200 0.06844500
-4.97945800 -0.36912300 -0.09822900
-4.20512400 -1.53563100 -0.19778600
-4.66759700 -2.51901100 -0.25971600
-2.83097000 -1.42149800 -0.22549600
-2.23150600 -2.32180800 -0.31106200
2.83758600 0.92010000 -0.01951800
4.25020900 0.83675900 0.03441800
4.80350000 1.75315100 0.23276300
4.91663200 -0.35394400 -0.16438000
4.14970400 -1.49946700 -0.42818000
4.61721900 -2.46594500 -0.60765800
2.77529500 -1.38452100 -0.46848200
2.18116200 -2.26438800 -0.69369400
-0.12278200 -2.84493100 -1.85799500
-0.18906300 -2.14515900 -2.69402500
-0.12132200 -4.22252600 -2.03841100
-0.18979600 -4.63461100 -3.04532900
-0.03104300 -5.05697600 -0.91993300
-0.02719900 -6.14166400 -1.03476400
0.05341100 -4.48673100 0.34734000
0.12122700 -5.12042800 1.23149400
0.04624400 -3.09542100 0.47655000
0.11692600 -2.35798300 1.73370100
0.22413600 -2.93856300 3.00089500
0.26453000 -4.02355800 3.09498100
0.28342900 -2.13326000 4.13264800
0.36949400 -2.58101800 5.12335000
0.23342900 -0.74533100 3.97761600
0.27836200 -0.07790200 4.83826500
0.12744000 -0.20367800 2.70458200




0.08764600 0.87203700 2.53681300
0.09553500 1.10315500 -3.47776500
-0.02050600 1.56861600 -4.49123700
-0.95214300 0.59195800 -2.99390600
1.23771700 1.15127800 -2.96533200
-6.46370300 -0.37686600 -0.07040900
6.40031900 -0.36123100 -0.10206100
-7.16139600 0.62820000 0.04924400
7.09015300 0.63009700 0.12767900
-6.95573300 -1.64099800 -0.19757700
6.90270500 -1.60603200 -0.33376000
-8.41805900 -1.68449700 -0.18026600
-8.66653700 -2.74305100 -0.32457900
-8.79950500 -1.32152800 0.78671400
-8.82880300 -1.07074000 -0.99664700
8.36420800 -1.64540900 -0.27643500
8.71586200 -1.34231100 0.72191400
8.62240100 -2.69145900 -0.48173900
8.79478300 -0.97866100 -1.03936400
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TS = [Ru(4,4’-(COOMe): Bid) ( Bpy) (H—H—OCOH)]
-0.15901700 -0.38193100 -0.27530400
-0.17098000 1.62514400 -0.03980500
2.21142000 2.08046800 0.25318300
1.94645300 -0.32155100 -0.26205100
-2.56537700 2.09022100 -0.19502500
-2.25760400 -0.35939400 -0.26765400
-0.12451000 -2.45124900 -0.32701400
-0.07795900 -0.86377100 1.75234500
0.94387500 2.41603400 0.17827100
0.50185500 3.81448600 0.32703000
-0.89033700 3.81969700 0.17263700
-1.30223200 2.42195400 -0.04755000
1.20646000 4.98911100 0.55564700
2.29229500 4.98004100 0.67251800
0.47767700 6.18530700 0.62860800
1.00138000 7.12707500 0.80642900
-0.91640800 6.19048800 0.47294900
-1.45933600 7.13638700 0.53092000
-1.61999400 4.99931300 0.24260400
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-2.70506100
-3.03059900
-4.44407400
-4.99114800
-5.09797000
-4.32073600
-4.79721200
-2.94913900
-2.34255100
2.69797000
4.11437400
4.64485800
4.78999000
4.03207000
4.52491100
2.65676500
2.06703600
-0.20829300
-0.34149500
-0.12907300
-0.19976600
0.04416800
0.11756000
0.11547200
0.24015200
0.02280400
0.04490800
0.15738900
0.25575400
0.14182600
0.23087100
0.00764900
-0.01172400
-0.09890600
-0.20691100
2.19647000
3.09097900
1.28832600
2.16263200
6.27029500
-6.57353000

4.99763500
0.80069700
0.71976100
1.65952600
-0.49467600
-1.66145100
-2.64111000
-1.54927600
-2.44813600
0.81555900
0.75213000
1.67366300
-0.41867800
-1.55935800
-2.50229800
-1.46742000
-2.34326200
-3.22218300
-2.67642300
-4.60776200
-5.17132000
-5.25392500
-6.34091800
-4.48646800
-4.96994000
-3.09290000
-2.20166900
-2.63958200
-3.70235200
-1.71281000
-2.04541800
-0.35639700
0.40072500
0.02851500
1.07582000
0.11117400
-0.25165800
-0.79110500
1.27917800
-0.52238600
-0.62469000

0.11825400
-0.29081100
-0.37854000
-0.41285000
-0.39853800
-0.32341500
-0.31928900
-0.25962200
-0.20952900
0.02139900
0.04990600
0.27872300
-0.22279100
-0.52971000
-0.76395400
-0.53303800
-0.78522800
-1.44850300
-2.38311300
-1.41818900
-2.34892300
-0.19086600
-0.13666700
0.96683500
1.93557900
0.88600100
2.04847900
3.37329700
3.59162500
4.41029400
5.44549100
4.10570100
4.88982800
2.77501900
2.48994900
-3.41788700
-3.97564600
-3.27554000
-3.01483400
-0.21828300
-0.48069500




-7.16793600 -1.70071000 -0.52530900
6.89039300 -1.55311700 -0.47497800
6.85961300 0.66221000 0.10424100
-7.19016000 0.58942900 -0.49582900
-8.64721700 0.48147100 -0.57335700
-9.03522400 -0.07160800 0.29610000
-9.00273300 1.51890500 -0.56809700
-8.94473400 -0.03081600 -1.50159400
8.31992300 0.58368800 0.10703100
8.65192400 1.59471100 0.37251000
8.66252900 -0.15032000 0.85303100
8.68831000 0.29785700 -0.89036200
0.36867700 -0.35159000 -2.39948500
-0.35624000 0.00712000 -1.95217500
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